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ABSTRACT

Wegenhart, Benjamin L. Ph.D., Purdue University, December 2013. Utilization of
Biomass Derived Furans in Value-Added Organics and Heterogeneous Oxorhenium
Catalysts for Deoxydehydration of Diols. Major Professor: Mahdi M. Abu-Omar.
As fossil fuels are depleted, there is a growing focus on renewable chemicals
based on biomass materials, including both fuels and chemical feedstocks. Current
methods for biomass utilization include biological conversion to produce ethanol and
various thermochemical routes (gasification, pyrolysis, liquefaction, hydrothermal
treatment, etc.). Furfural is one particular chemical that can be obtained from
lignocellulosic biomass in good yields through the dehydration of sugar residues. It can
be used as a feedstock for chemicals such as furan and THF, or as a platform molecule
for making liquid fuels. The objective of this research is to investigate new pathways for
the utilization of furfural in value-added products. In addition, heterogeneous
oxorhenium catalysts were studied for deoxydehydration of vicinal diols, a reaction
relevant to the conversion of biomass derived sugars.
A cationic oxorhenium(V) oxazoline was studied for the catalytic condensation of
diols or epoxides with aldehydes. Here, reactions were done under neat conditions and
mild temperatures, achieving good to excellent yields of the 1,3-dioxolane products. The
reaction conditions were then applied to the biorenewables furfural and glycerol,
providing the first reported solvent-free condensation of these materials. Investigation

xiii
into the stereoselectivity of the reaction reveals divergent pathways for the reaction of
epoxides versus the analogous diol.
The coupling of furfural with glycerol is further investigated. Neat conditions are
developed to provide the cyclic acetal products, using simple Lewis acid salts and
heterogeneous acid catalysts. Since the reaction is performed under neat conditions,
novel reaction methods are studied in order to remove the water byproduct and drive the
reaction forward. We found these reaction conditions to be applicable to crude glycerol.
The resultant acetals were isolated and modified via hydrogenation and acetylation.
These materials were then studied as blending agents with biodiesel, aiming to improve
the low temperature properties. While no benefit was observed, the data does not
preclude the use of these materials as additives in biodiesel.
The homocoupling of furfural is then studied using the N-heterocyclic carbene
catalyzed benzoin condensation. Here, green methods are focused on with the ultimate
goal of realizing the two-step process of producing furfural and subsequently performing
the homocoupling. The C10 product, furoin, serves as a good platform for the production
of alkane fuels, and several processes are investigated to reach this goal.
Finally, the deoxydehydration of vicinal diols using oxorhenium catalysts is
known using several methods with various reductants. A number of known heterogenous
oxorhenium catalysts have been described and studied for oxidation type reactions. We
prepared several of these catalysts and studied them for the known diol reduction
reactions. However, good results were not obtained, with the rhenium either being
inactive or exhibiting significant leaching from the support, hence limiting the
recyclability of the catalyst material.
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CHAPTER 1. CURRENT METHODS FOR THE PRODUCTION AND UTILIZATION
OF FURANIC ALDEHYDES FROM BIOMASS

The utilization of biomass resources in both fuels and chemicals has gained
worldwide attention as concerns over diminishing fossil fuel sources, global warming,
and environmental pollution grows.1 Additionally, building a biomass based
chemical/fuel infrastructure will decrease reliance on foreign energy and develop local
agricultural economies.2 Successful processes to convert lignocellulosic biomass to fuels
and chemicals rely on efficient utilization of all the fractions of biomass: hemicellulose,
cellulose, and lignin. The percentage of each fraction available in biomass depends on
the source, but typically hemicellulose consists of 23-32%, cellulose 38-50%, and lignin
15-25%.3 While the lignin fraction offers unique and challenging opportunities to
develop chemicals and fuels,4 this chapter will focus on the chemical/catalytic conversion
of C5 and C6 sugars present in hemicellulose and cellulose, respectively, to furanic
aldehydes (Scheme 1.1) and their subsequent use as chemical feedstocks or fuels.

1.1

Furanic Aldehyde Production From Biomass

Aside from ethanol and biodiesel, furfural is one of the largest industrially
produced non-petroleum-derived chemicals, made in an annual scale of about 250,000
tons.3 It has applications in the petroleum industry, agrochemicals, and
pharmaceuticals.3,5 The process for producing furfural was first developed by the Quaker
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Scheme 1.1 Production of furanic aldehydes from lignocellulosic biomass.

Oats Company in 1921, using a dilute sulfuric acid treatment.6 Since then, the process
has undergone many alterations and permutations, but ultimately the chemistry and yields
(~50%) have been unchanged.3 Other mineral acids may be used for the hydrolysis of
hemicellulose as well, though the corrosiveness and potential environmental risks are
severe drawbacks to using this type of catalysis.1 Therefore, recent focus on the
conversion of sugars and biomass to furanic aldehydes has been focused on more friendly
procedures.
Scheme 1.2 shows a general route for the production of furfural in the liquid
phase. An obstacle for the synthesis of furfural from sugar residues is that furfural may
react with remaining sugars, forming humins, a general term applied to insoluble,
polymerized species. This pathway is highly undesirable. Additionally, the self-reaction
of furfural also leads to the formation of humins.2 In order to maximize the yield of
furfural, it is important to limit these degradation pathways. Furthermore, it is also
advantageous to develop methods which are directly applicable to biomass, rather than
just the sugars.

3

Scheme 1.2 General route for the production of furfural in the liquid phase.

An appealing strategy to working with biomass is to separate the individual
components (hemicellulose, cellulose, and lignin) and work with each fraction
individually. This may be of benefit due to the different properties of each component.
Hemicellulose is a heteropolymer composed of various pentose and hexose sugars, while
cellulose is a homopolymer of glucose. Additionally, cellulose is much more recalcitrant
and resistant to chemical processes. Therefore, treatment of each part individually may
be advantageous as different catalytic systems could be required for their hydrolysis. A
process to address this issue has been reported, in which maleic acid is used to selectively
hydrolyze the hemicellulose portion of the biomass to xylose.7 The resulting solid,
consisting of cellulose and lignin, may then be filtered, leaving a solution of xylose with
maleic acid. In a second step, this aqueous solution may again be heated, to give good
yields of furfural (~60-70% depending on biomass source). A similar process has been
described, where a biphasic system (water and 2-methyltetrahydrofuran, MeTHF) was
used with oxalic acid as catalyst.8 In this case, the reaction process gives good yields of
xylose in the aqueous phase and some lignin content is broken down and extracted into
the organic phase. This leaves a solid residue, which is mostly cellulosic pulp. This one
step separation of the biomass polymers (process shown in Scheme 1.3) offers an
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Scheme 1.3 One step fractionation of biomass into three components using a biphasic
system with oxalic acid catalyst.

approach to biomass pretreatment which uses mild and environmentally friendly
conditions, in addition all reagents and solvents used are bio-based and recyclable.
In efforts to move away from the use of mineral acids for the conversion of xylose
to furfural, many Lewis acids have been investigated as catalysts. This is an intriguing
concept since the Lewis acid may serve a dual function, first to isomerize xylose to
xylulose, then to effect the dehydration to furfural. The dehydration of xylulose has been
shown to be more facile than xylose.9 Various Lewis acid catalysts have been
investigated for this type of reaction. For example, FeCl3, ZnCl2, CrCl2, and CrCl3 were
all tested as dehydration catalysts in eutectic mixtures of various carbohydrates (C6
sugars to HMF) with choline chloride.10 Yields ranged from 8% (ZnCl2) to around 60%
(chromium salts and FeCl3). Solid acids and organic acids were also used in this study,
and resulted in similar yields as the Lewis acids. Chloride salts have also been used as
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additives to traditional aqueous acidic solutions for furfural production, and have been
observed to improve the yields and rate of reaction.11,12
Another appealing strategy for the production of furfural is to use a biphasic
system, in which the dehydration of xylan to furfural occurs in the aqueous phase, and the
furfural is immediately extracted into an organic phase. In this way, the furfural is
isolated from the catalyst and remaining sugars, therefore improving yields by reducing
the prevalence of humin forming side-reactions. The first report of a biphasic system was
in 1998, where either methylisobutylketone or toluene was used as the organic phase with
H-form zeolites as catalyst.13 Here, good selectivity of furfural was obtained, though
only modest conversion of xylose. Since then, many other similar catalytic systems, both
homogeneous and heterogeneous, have been applied to xylose conversion. For example,
FeCl3 with NaCl additive has been studied as a catalyst using 2-methyltetrahydrofuran as
the organic phase.14 This method gave a maximum yield of furfural from xylose of 71%.
They found that the aqueous phase could be recycled with no loss in yields, and
additionally the method was applied to a ‘real’ solution of xylose obtained from the
oxalic acid fractionation process described above, resulting in 37% yield of furfural.
Similarly, AlCl3 has been used with NaCl additive with THF as the organic solvent.15 In
this case, high yields of furfural (80%) were obtained directly from xylose. The method
was applied to several biomass sources, again giving good yields of furfural (~50-60%)
and HMF was also observed in low yields, though increasing the reaction temperature did
give higher yields of HMF. One study notes an issue with the biphasic system, that being
the low concentration of furfural in the organic phase, due to the low partition coefficient
for extraction of furfural into the commonly used solvents (resulting in large amounts of
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organic phase compared to aqueous phase).16 The problem is compounded by the low
xylose concentration from the deconstruction of hemicellulose (typically 1-2 wt%). This
report identifies a new solvent, 2-sec-butylphenol, which has a higher partition
coefficient for the extraction of furfural, giving furfural yields of 70-80%, however in this
case a mineral acid is used as catalyst. Finally, many heterogeneous acids have been
used as catalysts, giving a wide range of yields.1 One interesting case gave a furfural
yield of 98%, however this was done using a plug-flow reactor at elevated temperatures
and pressures.17
The final approach to conversion of biomass to furanic aldehydes is the use of
ionic liquids. Ionic liquids are very versatile and are of interest due to properties such as
thermal stability, low vapor pressure, and high solubilizing ability, particularly the ability
to solubilize cellulose.18 Many variants of ionic liquids have been investigated as
solvents for biomass transformations. In particular, 1-alkyl-3-methylimidazolium ionic
liquids have been heavily studied with a number of chloride salts or mineral acids as
catalysts, giving yields of furanic aldehydes typically in the range of 70-90%.19,20
Observing that ionic liquids are an expensive solvent, one study aimed to use them at in
additive level and found that at 20 wt% ionic liquid in N,N-dimethylacetamide, yields of
HMF from fructose were 70-80% using either CuCl2 or sulfuric acid catalyst.21 Since
ionic liquids are highly tunable, it is also feasible to make them acidic in nature and use
them directly as catalyst. Examples of this are 1-ethyl-3-methylimidazolium hydrogen
sulfate19 or 1-(4-sulfonic acid)butyl-3-methylimidazolium hydrogen sulfate,22 both of
which are reported to give good conversions of sugars and high yields of product. One
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downside of ionic liquids is that both the recyclability and the ease of isolating the furan
products remains in question.1

1.2

Furfural Utilization in Chemicals and Fuels

Many routes for the utilization of furanic aldehydes in both chemicals and fuels
have been identified. Scheme 1.4 shows some of the pathways in which furfural and
HMF may be used as platforms for the production of fuels and chemicals. Many routes
involve selective hydrogenation or oxidation, some of which will be discussed further.
Utilization in fuels typically involves a C-C bond forming reaction (such as Aldol
condensation) followed by hydrogenation/deoxygenation steps.1 Some of these will be
discussed later in further details. Another important process is the production of 5(chloromethyl)furfural, which can be prepared directly from sugars or biomass using a
biphasic reaction with 1,2-dichloroethane with concentrated HCl, giving yield near
80%.23 This product is easily hydrogenated to 5-methylfurfural, in near quantitative
yields.24 Additionally, a one-pot process for the production of 5-methylfurfural has been
described, giving yields of 60-70%.25
One of the major chemical derivatives from the furanic aldehydes is levulinic acid.
Levulinic acid may be prepared from either furfural or HMF in yields of 70-95% and is a
major stepping stone to a number of different chemicals.1 One of the major derivatives is
γ-valerolactone, which in turn may be treated to yield even more derivatives.26
Alternatively, γ-valerolactone is an appealing solvent for many applications, and has been
used for the treatment of biomass to simultaneously produce furfural and levulinic acid,
which then may be isolated or treated further to yield more γ-valerolactone. The use of
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Scheme 1.4 Utilization of furfural and 5-hydroxymethylfurfural in chemicals and fuels.

this solvent offers many advantages, one of the main ones being the effective
solubilization of biomass, allowing for simultaneous treatment of hemicellulose and
cellulose. It also solubilizes lignin and the humins which are often produced, eliminating
concerns over reactor clogging.27 Through various reaction pathways, γ-valerolactone
can be transformed into fuel additives, fuels, or chemical derivatives suitable for use in
polymers.28
The selective oxidation of HMF has been found to give useful chemicals, furan2,5-dicarbaldehyde (DFF) and furan-2,5-dicarboxylic acid (FDCA). DFF may be useful
as a monomer for polymer materials or in pharmaceuticals, fungicides, and cross-linking
agents. FDCA on the other hand, is highly valuable and is a suitable replacement for the
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petroleum based terephthalic acid in polyesters.1 One recent report utilized a number of
catalysts in acetic acid to investigate the oxidation of HMF with or without the addition
of trifluoroacetic acid (HTFA). They found that without HTFA, HMF was selectively
converted to DFF, with yields up to 96%. Upon the addition of HTFA, DFF was further
oxidized, resulting in a yields up to 60% of FDCA.29 Another notable report uses gold
nanoparticles supported on hydrotalcite as catalyst under mild conditions, with no added
base or acid, to achieve nearly quantitative conversion of HMF to FDCA.30
To obtain fuels from the furanic aldehydes derived from biomass, many pathways
have been considered.31 The simplest method is to hydrogenate furfural or HMF to 2methylfuran (MF), 2-methyltetrahydrofuran (MeTHF), 2,5-dimethylfuran (DMF), or 2,5dimethyltetrahydrofuran (DMTHF). This group of compounds have similar boiling
points and RON to ethanol (Table 1.1), making them excellent candidates for use as
liquid fuels or gasoline additives. Additionally, these compounds offer reduced water
solubility, providing for some benefits over ethanol.32,33 The selectivity of hydrogenation
depends highly on the catalyst and reaction conditions, and reported yields vary from
good to excellent.1 While these may be good alternative fuels, they are not suitable as
direct replacements for gasoline or diesel fuels.
To obtain gasoline or diesel range alkanes from furfural or HMF, an upgrading
step is first necessary to obtain an extended carbon chain (i.e. a C-C bond forming
reaction). One approach to accomplish this is to use Aldol condensation followed by
hydrogenation and deoxygenation. This method was first described in 2005, where
furfural or HMF were coupled with acetone and the products subsequently hydrogenated
and passed through dehydration/hydrogenation reactor to good yields of alkanes in ranges
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Table 1.1 Properties of furans and derivatives for use as fuels compared to ethanol.
Compound

Boiling Point (K)

RON

Water solubility
(g/L)

346

109

miscible

366

119

2.3

364

82

15

336

103

7.0

351

86

100

O

O

Data from references 32 and 33.

suitable for use in gasoline or diesel fuels (Scheme 1.5).34 The drawback of this type of
process is poor selectivity due to fractionation of the compounds in the
dehydration/hydrogenation reactor. Since then, the process has been refined through the
use of a bifunctional catalyst to combine the initial aldol condensation and hydrogenation
into a single reactor, thus generating water-soluble products (aldol condensation products
are insoluble in water) which may then be fed into the dehydration/hydrogenation
reactor.35,36 Further efforts have aimed to develop multifunctional catalysts, which
combine the hydrolysis/dehydration of biomass to give furfural and HMF and the aldol
condensation/hydrogenation into a single reactor.37 Other investigations have sought to
improve the selectivity of alkane product through a survey of various Pd catalysts in
supercritical carbon dioxide, resulting in processes that give high selectivity (>99%) of
the alkane or half-hydrogenated product.38
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Scheme 1.5 Aldol condensation of furfural with acetone, followed by hydrogenation and
dehydration/hydrogenation reactions.

Scheme 1.6 Production of alkanes from the hydroalkylation/alkylation of 2-methylfuran
with aldehyde followed by hydrodeoxygenation.

Another process that has been employed to extend the carbon backbone of
biomass derived furans is an acid catalyzed hydroxyalkylation/alkylation in which 2methylfuran is coupled together to give a branched carbon chain in ranges suitable for a
diesel precursor. The process may be done with just 2-methylfuran alone to give a trimer,
or in the presence of an aldehyde (including furfural and HMF), giving control over the
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O

O

selective
hydrogenation

O

O

O

O

O

hydrolytic
ring-opening

hydrodeoxygenation
C9 alkane

Scheme 1.7 Production of alkanes from aldol products via intial hydrolytic ring-opening
of the furan ring followed by hydrodeoxygenation.

length of the branched chain (Scheme 1.6).39,40 These diesel precursors can be obtained
in high yields (>90%), and ketones may be used in the coupling process as well.41 After
the synthesis of these precursors, they are put through a hydrodeoxygenation reactor,
similar to what was previously described, to give yields of alkanes in the diesel range.
The final approach worth discussion has recently been published. Taking into
account the high temperatures and pressures currently employed for the
hydrodeoxygenation process of furfural derivatives (which leads to wide product
distributions and fragmentation), John Gordon and colleagues investigated milder
conditions for the production of alkanes.42,43 Again working with aldol condensation
products of either furfural or HMF, the group first described some functional group
dependence on the acid catalyzed hydrolytic ring-opening reaction. In general, they note
two cases in which the furan ring opening does not proceed: 1) if there is exocyclic
unsaturation and 2) if there is no group in the 5-position. They also note that this ringopening step should be the first step in treating these furan derivatives, since once
hydrogenated, the ring becomes much less susceptible to opening, leading to the
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fractionation that has been observed. Following the ring-opening, they obtain
polyketones which can then be mildly treated under conventional hydrodeoxygenation
conditions (Scheme 1.7). The whole process is also amenable to a one-pot reaction, and
the lower energy input required to get alkanes makes the conversion more economically
viable.

1.3

Conclusion

Presented here is a brief discussion on modern processes used to yield furanic
aldehydes from biomass and methods to transform them to chemicals and fuels. Furfural
and HMF have been shown to be produced in high yields starting from either sugars or
biomass residues under many different reaction conditions. They can then be treated in a
variety of reactions to give useful chemicals or oxygenated products which could serve as
liquid fuels or fuel additives. Alternatively, C-C bond forming reactions can be
employed to extend the carbon backbone of the molecules, giving furan derivatives
which upon further treatment (hydrogenation/deoxygenation) can give alkanes in carbon
ranges suitable for use in gasoline and diesel fuels.
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CHAPTER 2. OXORHENIUM CATALYZED CONDENSATION OF
ALDEHYDES/KETONES WITH GLYCOLS

2.1

Introduction

Biomass is an abundant and renewable resource. Its conversion to liquid fuels
and value-added chemical feedstock is an active area of research that has intensified in
the past few years by the need to replace petroleum.1 The molecular components of
lignocellulosic biomass (cell wall) besides lignin are five and six carbon sugars,2 and it
has been shown that liquid fuels can be prepared via aqueous hydroreforming followed
by Aldol condensation to build longer chain hydrocarbons.3,4 Recent advances in
biomass conversion have demonstrated that furfurals can be produced from
lignocellulosic biomass in good yields.5-8 Glycerol is the main byproduct from biodiesel
production via transesterefication of vegetable oils, and it has been identified by the U.S.
Department of Energy as a target molecule for research and development.9,10 A
significant body of research has therefore been focused on the upgrading of glycerol to
more valuable chemicals; strategies include selective oxidation, hydrogenolysis,
dehydration, pyrolysis, esterification, etherification, carboxylation and
polymerization.9,11,12 Therefore, we reasoned that coupling furfural with glycerol to
produce 1,3-dioxolanes (acetals)13 is appealing especially if it can be done under solventfree and catalytic conditions. 1,3-dioxolanes have been reported to possess high octane
content as fuel additives and as potential substitutes for MTBE.14 In the pharmaceutical
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and fragrance industries, 1,3-dioxolanes are used as intermediates as well as final
products.15 They have also found applications in synthetic carbohydrate, polymer, and
steroid chemistry.16-18
Cyclic acetals are commonly used as protective groups in organic synthesis
because of their stability against all types of nucleophiles, bases, and many oxidants.19
1,3-Dioxanes and 1,3-dioxolanes are generally prepared from carbonyl compounds with
1,3- or 1,2-alkanediol in the presence of a Brönsted or a Lewis acid catalyst. However, a
typical procedure employs p-toluenesulfonic acid in refluxing toluene and requires the
continuous removal of water from the reaction mixture using a Dean-Stark apparatus.
Furthermore, the corrosive conditions pose serious limitations. Methyltrioxorhenium
(MTO) has been reported to catalyze 1,3-dioxolane production from epoxides and
aldehydes.20 However, MTO shows severe inhibition by water and does not catalyze the
reaction with diols. In this chapter, we explore the use of oxorhenium complexes for the
preparation of cyclic acetals from both epoxides and diols, combining them with a variety
of carbonyl groups. We focus primarily on the utilization of furfural, and report on an
efficient method for transforming furfural and diols into acetals catalyzed by a robust
oxorhenium(V) oxazoline complex. A general representation of this work is shown in
Scheme 2.1. This reaction is solvent-free, effective for the reaction of furfural with
glycerol (both substrates are biorenewables), is not inhibited by the water byproduct
(eliminating the need for its removal), and requires reasonably mild temperatures
(ambient to 100 C).
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Scheme 2.1 General oxorhenium catalyzed condensation of carbonyl with epoxide or diol.

2.2

2.2.1

Experimental

General Considerations

Glycerol was purchased from Fisher Scientific (Pittsburgh, PA). All other
chemicals were purchased from Aldrich (Milwaukee, WI). Furfural was distilled under
reduced pressure and stored under an atmosphere of nitrogen prior to use. All other
chemicals were used as received. NMR Spectra were obtained using a Varian Inova-300
instrument.

2.2.2

Preparation of 2-(2’-hydroxyphenyl)-2-oxazoline (HHoz)

The HHoz ligand was prepared according to the established procedure.21 2aminoethanol and ethylsalicylate (1:1 molar ratio) are combined in a flask. The mixture
is then refluxed for 2.5 hours, after which the by-product (ethanol) is removed completely
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under reduced pressure, leaving a crude white solid, which is washed with two portions
of cold water. The solid is then dissolved in dichloromethane, and dried with magnesium
sulfate. The solution is then filtered and concentrated to give a white solid, 2-hydroxy-N(2’-hydroxyethyl)benzamide. This product is then dissolved in dichloromethane under
inert atmosphere and cooled in an ice bath. Freshly distilled thionyl chloride (100%
excess) is slowly added via syringe, and the mixture is allowed to stir at room
temperature for 18 hours. A precipitate forms, which is collected by filtration, then
dissolved in water, and saturated sodium bicarbonate solution is slowly added. A pink
solid is then collected by filtration, and extracted with diethyl ether. Upon removal of the
ether under reduced pressure, the product HHoz is obtained.

2.2.3

Preparation of bis(2-(2’-hydroxyphenyl)-2-oxazoline)oxorhenium(V)
tetrakis(pentafluorophenyl)borate, [ReO(hoz)2(CH3CN)][TFPB]

[ReO(hoz)2(CH3CN)][TFPB] was prepared by a modification of the established
procedures.21,22 ReOCl3(OPPh3)(SMe2) was combined with 2.2 equivalents of the HHoz
ligand. Ethanol is added to the flask, followed by an excess of 2,6-lutidine. The resulting
suspension is refluxed for 3 hours, then the solid collected by filtration, yielding
ReO(hoz)2Cl. The chloride species was then combined with trityl
tetrakis(pentafluorophenyl)borate in a 1:1 ratio, with acetonitrile as solvent. After
stirring for 5-6 hours, the acetonitrile is partially removed under reduced pressure. The
mixture is then filtered to remove starting material, and the remaining acetonitrile was
removed. The resulting residue was dissolved in dichloromethane, to which a large
amount of pentane is added. This mixture is stirred vigorously for one hour, and the
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resulting precipitate is collected and washed with pentane, yielding the
[ReO(hoz)2(CH3CN)][TFPB] as a dark green solid.

2.2.4

Typical Procedure for Reaction of Carbonyl with Epoxide/Diol

The oxorhenium catalyst (0.04 mmol), epoxide or diol (4 mmol), and carbonyl
compound (20 mmol) were combined in a flask. A magnetic stir bar was then added.
For reactions done at room temperature, the flask was capped and the solution left to stir.
In cases where solvent (THF) was used, the solvent was added in an amount equivalent to
0.1 mL/mg catalyst. For reactions done at 100°C, the reaction flask was fitted with a
reflux condenser and heated in an oil bath to the desired temperature. Reactions were
monitored by NMR

2.3

2.3.1

Results and Discussion

Oxorhenium Catalyzed Formation of Acetals from Epoxides

MTO has previously been used to catalyze the formation of 1,3-dioxalanes from a
variety of carbonyl and epoxide compounds.20 However, this study was done in
chloroform, and the timescale is extensive (2-5 days). Additionally, we attempted to
replicate these results and were unsuccessful. Therefore, we decided to investigate this
reaction under neat conditions, with no added solvent. Initial studies looked at the
condensation of benzaldehyde with styrene oxide, using 1% MTO as catalyst. We first
looked at what effect the ratio of reactants had on the reaction. Using a 1:1 ratio of
benzaldehyde to styrene oxide, the reaction is very sluggish, reaching only 50%
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conversion after 7 days. Increasing the ratio to 3:1 improves the rate, but still requires 3
days to reach 100% conversion of the styrene oxide. Further increasing the benzaldehyde
to a 5:1 ratio gives 75% conversion in 24 hours, and is complete after 48 hours. Since
this ratio gave a reasonable timeframe for the reaction, we decided to use it for further
studies.
A survey of various carbonyls and epoxides was carried out using both
[ReO(hoz)2(CH3CN)][TFPB] and MTO as catalysts. The epoxides included styrene
oxide, cis-stilbene oxide, trans-stilbene oxide, (2S,3S)-2-methyl-3-phenyloxirane,
2,2,3,3-tetramethyloxirane, and cyclohexene oxide. The carbonyl compounds were
benzaldehyde, furfural, valeraldehyde, and 3-pentanal. All these reactions were carried
out using 1 mol% catalyst and a five-fold excess of the carbonyl species. MTO catalyzed
reactions were checked after 48 hours; however, we found that
[ReO(hoz)2(CH3CN)][TFPB] provided faster reactions, so these were checked after 24
hours. Reactions were monitored via NMR by the observed conversion of the epoxide
compound. In most cases, the reactions proceeded cleanly to the acetal products; results
are shown in Table 2.1 and Table 2.2. MTO showed some limitations with the ketone 3pentanal, as well as with the tetramethyloxirane. [ReO(hoz)2(CH3CN)][TFPB] on the
other hand worked well in almost all cases.
Some notable side reactions were observed. First is the catalytic
cyclotrimerization of aldehyde to the 1,3,5-trioxane (Scheme 2.2). This reaction has been
observed previously with MTO as catalyst with a number of aliphatic aldehydes.23 In our
reactions, however, this was only observed to a significant level for valeraldehyde and
does not seem to be an issue with the aromatic aldehydes; this side-reaction was observed
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for both catalysts. The other major side reaction is the isomerization of the stilbene
oxides (both cis and trans) to 2,2-diphenylacetaldehyde (Scheme 2.3). Again, this
process has been observed previously using numerous metal species24-26 by the Lewis
acid promoted Meinwald rearrangement of epoxides to carbonyl compounds. To the best
of our knowledge, however, this has not been demonstrated with an oxorhenium catalyst,
despite numerous reports using these substrates as reactants with MTO.20,27 The extent of
this isomerization is typically minimal, and the aldehyde seems to have some impact on
how much of the isomerized product is observed. For example, using trans-stilbene
oxide as substrate and MTO as catalyst, the amount of isomerized oxide was 35% when
using furfural as the aldehyde; this was only 6% when using valeraldehyde. Finally, this
isomerization is much more problematic when using [ReO(hoz)2(CH3CN)][TFPB] as
catalyst, which is in accordance with our observation that this is the more active catalyst;
in some cases the oxide isomerization reaches 65%.

Scheme 2.2 Oxorhenium catalyzed cyclotrimerization of aliphatic aldehydes.

Scheme 2.3 Isomerization of stilbene oxide to 2,2-diphenylacetaldehyde.
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Table 2.1 Percent conversions of epoxides monitored after 48 hours in the acetalization
reaction with various carbonyls, catalyzed by MTO.
Carbonyls→

O

Epoxides↓

O
Ph

Ph

O

O

100

100

100

61

100

100

100

0

100

100

100

0

100

100

100

0

10

75

50

0

100

92

100

0

Table 2.2 Percent conversions of epoxides monitored after 24 hours in the acetalization
reaction with various carbonyls, catalyzed by [ReO(hoz)2(CH3CN)][TFPB].
Carbonyls→
Epoxides↓

O
Ph

Ph

O

O

98

100

100

100

100

100

100

100

50

100

100

100

55

100

100

100

100

100

100

85

100

100

100

100
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2.3.2

[ReO(hoz)2(CH3CN)][TFPB] Catalyzed Acetalization of Furfural and
Application to Glycerol

We wanted to further examine the oxorhenium catalyzed acetalization reaction
using furfural as a substrate, and expand to coupling with model vicinal diols and
ultimately with glycerol. Since we found that MTO did not catalyze reaction with diols,
this section focuses on [ReO(hoz)2(CH3CN)][TFPB] as the catalyst. The previous section
has already demonstrated this catalysts effectiveness at coupling furfural with epoxides,
so we began to investigate diols using analogous methods.
1 mol% catalyst loading of [ReO(hoz)2(CH3CN)][TFPB] and a five-fold excess of
furfural with respect to diol under neat conditions and ambient temperature affords good
conversion to the corresponding 1,3-dioxolane, as shown in Table 2.3. The time of
reaction when done at ambient temperature, however, is long, requiring approximately 24
hours. While 1,2-hexanediol is completely miscible with furfural at room temperature,
this is not the case for other diols. This poses a significant drawback to running the
reaction at ambient temperature. For example, cis-1,2-cyclohexanediol is not miscible
with furfural. This problem can be solved by adding a solvent such as THF. The use of a
solvent, however, results in only 50% conversion of the diol to 1,3-dioxolane after 48
hours, which compounds the problem of slow kinetics. We found that an attractive
solution to these problems is to conduct the reaction under neat conditions (solvent-free)
at 100 C. At this moderately elevated temperature all diols tested so far are completely
miscible with furfural and the reactions reach completion (≥ 90% yield) within few hours.
For comparison, the analogous reactions with epoxides are included in Table 2.3 as well.
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Table 2.3 Yields of 1,3-dioxolanes from the reaction of furfural with diols and analogous
epoxides, catalyzed by [ReO(hoz)2(CH3CN)][TFPB].
Reaction
Conditions

Time (h)

% Yield, NMR
(Isolated)

1

Room temp
neat

24

100

2

Room temp.
neat

24

70

3

100°C
neat

7

90 (81)

4

Room temp.
neat

24

100

5

Room temp.
THF

48

50

6

100°C
neat

5

91

7

Room temp.
THF

48

18

8

100°C
neat

7

10

Entry

Substrate

Additionally, we note the importance that the diol be able to align both alcohol groups in
the same plane, as trans-1,2-cyclohexanediol gives very poor yields.
Even though several Lewis and solid heteropoly acid catalysts28,29 are suitable for
the synthesis of 1,3-dioxolane, they invariably require the use of solvent to facilitate
removal of water because under wet conditions Brönsted and Lewis acids are effective
catalysts for acetals and ketals deprotection.30-32 A strength of our method is that it
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provides for the solvent free formation of acetals from either diols or epoxides, allowing
for the indirect formation of acetals from olefins.
Due to the effectiveness of [ReO(hoz)2(CH3CN)][TFPB] at coupling furfural with
various diols under neat conditions, we chose to investigate its use in catalyzing the
formation of 1,3-dioxane and 1,3-dioxolane from glycerol and furfural as shown in
Scheme 2.4. We found glycerol to be immiscible with furfural at ambient temperature.
[ReO(hoz)2(CH3CN)][TFPB] is soluble in furfural and remains soluble in the aldehyde
layer upon addition of glycerol. Upon heating to 100C, the biphasic mixture of glycerol
and fufural containing 1 mol% [ReO(hoz)2(CH3CN)][TFPB] does become a
homogeneous single-phase solution. The reaction ensued to afford the two regioisomers
1,3-dioxane and 1,3-dioxolane with an overall 80% conversion in only 4 hours. Each of
the products gave two stereoisomers in nearly equal amounts. Excess furfural could
easily be removed under vacuum, and the organic products (1,3-dioxolane and 1,3dioxane) in the resulting crude oil were extracted with diethyl ether. The precipitate,
including [ReO(hoz)2(CH3CN)][TFPB], was filtered. Removal of the diethyl ether
solvent gave an oil, which is a mixture of the 1,3-dioxane and 1,3-dioxolane products. It
is interesting to note that the mixture of the two products is a liquid at room temperature
and accounts for 77% of the mass balance. This mixture can be purified further through a
silica plug eluted with 1:2 hexanes:diethyl ether followed by diethyl ether alone. The two
1,3-dioxolane diastereomers were separated successfully and are solids as pure
compounds at room temperature. However, the 1,3-dioxolane product was obtained as a
diastereomeric mixture, which is a liquid at room temperature. The pooling of all the
cyclic acetal products gave a total isolated yield of 77%. This is quite notable given the
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Scheme 2.4 Catalytic conversion of glycerol and furfural to 1,3-dioxolane and 1,3dioxane.

percent conversion based on glycerol was 80%, indicating the good stability of these
compounds.
One disadvantage to our method is the large molecular weight of the counteranion
(TFPB) in our catalyst complex, which results in the use of a large amount of material to
obtain even small catalyst loadings. We chose to use this as the anion because it gives a
high purity of the cationic form of the oxorhenium catalyst and it also aids in the
solubility in organics (such as furfural) at room temperature. We did test the precursor
complex, ReO(hoz)2Cl, as a catalyst for our reaction of furfural with glycerol, and we
obtained a 70% conversion to the acetal products, which is not a huge loss when
compared to the 80% obtained with [ReO(hoz)2(CH3CN)][TFPB].

2.3.3

Mechanistic Insights into the [ReO(hoz)2(CH3CN)][B(C6F5)4] Catalyzed
Acetalization

With respect to the mechanism, we initially hypothesized that the reaction could
be proceeding via the epoxide and that the rhenium catalyst serves a dual function, one as
a Lewis acid to establish the equilibrium between vicinal diol and epoxide (as numerous
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examples of bis(alkoxy)rhenium compounds are known),27,33-35 and the second to activate
the aldehyde (via coordination) towards nucleophilic attack by the epoxide. This idea is
supported by the fact that the trans isomer of 1,2-cyclohexanediol, which is inhibited
from forming the bis(alkoxy)rhenium compound, gives low yields. However, the
reaction with glycerol yielded two regioisomers, 1,3-dioxolane resulting from vicinal diol
and 6-membered dioxane ring from the reaction of the 1,3-diol groups of glycerol. It
should be noted here that [ReO(hoz)2(CH3CN)][TFPB] does not interconvert the 1,3dioxolane and 1,3-dioxane products. Hence, we probed the stereoselectivity of the
reaction for epoxides versus diols.
The stereochemistry of the products was compared for cis-cyclohexene oxide to
that for cis-1,2-cyclohexane diol and trans-1,2-cyclohexane diol (despite the trans isomer
giving low yields, we were able to observe and identify the products). All three possible
stereoisomers of the resulting 1,3-dioxolane are shown in Table 2.4. These three
products give unique NMR shifts for the proton attached to the C-2 of the dioxolane ring,
as shown in Figure 2.1. The reaction with cyclohexene oxide gave the dioxolane product
with inversion in stereochemistry. In contrast, the reactions with cis- and trans-1,2cyclohexanediol afforded 1,3-dioxolane products with retention of stereochemistry. To
confirm this observation, a similar series of experiments was conducted with
benzaldehyde and stilbene oxide (cis and trans) and diol (meso- and (R,R)-hydrobenzoin).
The results from these experiments were consistent with those observed for furfural and
cyclohexene oxide and cyclohexanediol; the product distribution is shown in Table 2.5
along with the characteristic C-2 proton shifts in Figure 2.2. The stilbene oxides gave
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Table 2.4 Stereoisomeric product distribution from the reaction of furfural with either
cyclohexene oxide or 1,2-cyclohexane diol (cis or trans isomers)
Reactant→
Product↓
4

55

0

87

0

100

9

45

0

Figure 2.1 NMR spectra for the products obtained from the reaction of furfural with
either cyclohexene oxide or 1,2-cyclohexane diol (cis or trans isomers)
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Table 2.5 Stereoisomeric product distribution from the reaction of benzaldehyde with
either stilbene oxide (cis or trans) or hydrobenzoin (meso or (R,R))
Reactant→
Product↓
6

7

32

0

88

47

3

100

6

46

65

0

Figure 2.2 NMR spectra for the products obtained from the reaction of benzaldehyde with
either stilbene oxide (cis or trans) or hydrobenzoin (meso or (R,R))
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1,3-dioxolane primarily with inversion of stereochemistry while (R,R)-hydrobenzoin
yielded product with retention of stereochemistry. This is contrary to results obtained
with MTO,20 in which the stereochemistry of the epoxide was conserved in the 1,3dioxolane product. They propose a two-step mechanism, with each step having an
inversion in stereochemistry: first the coordination of the epoxide to rhenium to form the
bis(alkoxy) compound and second the attack of the aldehyde. Additionally, they note
that coordination of a diol to rhenium giving the bis(alkoxy) compound does not result in
an inversion.
Based on our results, we suggest similar but divergent mechanisms for epoxides
and diols (Scheme 2.5). The oxorhenium catalyst activates the aldehyde via coordination.
The Re-aldehyde complex undergoes nucleophilic attack by the epoxide or diol. In this
step the two mechanisms diverge. Epoxide affords either a rhenium dioxolane
metallacycle, which upon closure results in inversion at carbon, or direct attack of the
epoxide onto the aldehyde results in inversion at carbon. Formation of a carbocation
intermediate is not likely since it would yield a mixture of isomers. In the case of diol,
the vicinal –OH group attacks the aldehyde carbon to extrude the dioxolane product
leaving behind an oxorhenium hydroxide, which regenerates the catalyst upon
protonation. The alternative mechanism involving formation of a bis(alkoxy)rhenium
species is unlikely because of the coordination environment of the ligands around the
rhenium. This should also give results opposite to what we observe, as noted
previously.20
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Scheme 2.5 Proposed mechanism of [ReO(hoz)2(CH3CN)][TFPB] catalyzed 1,3dioxolane formation from furfural with epoxide or diol

2.4

Conclusions

In summary, we report on the use of oxorhenium catalysts for formation of cyclic
acetals from either epoxides or diols and various carbonyl compounds. We specificially
note an efficient method for converting vicinal diols and aldehydes to 1,3-dioxolanes in
high yields using a simple oxorhenium(V) catalyst. This process is solvent-free, thus,
green, amenable to isolation of products, can be run at low catalyst loading, avoids the
use of corrosive acids, and requires reasonably mild temperatures, ambient to 100C. We
were also successful in applying our conditions to furfural and glycerol, both being
biomass-derived compounds and thus biorenewable, demonstrating the utility of this
reaction in making value-added chemicals. Mechanistic investigations suggest that
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epoxides and diols react via divergent pathways with our [ReO(hoz)2(CH3CN)][TFPB]
based on the stereochemical selectivity of their respective reactions. Furthermore, the
chloride precursor of our oxazoline catalyst, ReO(hoz)2Cl, also facilitates the reaction of
glycerol with furfural.
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CHAPTER 3. SOLVENT-FREE METHODS FOR MAKING ACETALS DERIVED
FROM GLYCEROL AND FURFURAL AND THEIR USE AS A BIODIESEL
COMPONENT

3.1

Introduction

Renewable fuels have become a focus of energy research due to a combination of
global warming and an ever decreasing supply of fossil fuels.1 As liquid fuels are
currently a major necessity for nearly all forms of transportation, biodiesel stands out as
one of the most practical solutions, at least in the short term.2 Biodiesel is produced
through the transesterification of vegetable oils or animal fats with an alcohol, generally
methanol, yielding a methyl ester with combustion properties suitable for a diesel engine
(Scheme 3.1).3 Besides being a renewable fuel, biodiesel has several other benefits over
petrodiesel, notably a decrease in harmful emissions, improved biodegradability, and
lower toxicity.4,5 Already, many parts of the world are pushing for increased biodiesel
use, including Brazil, the European Union, USA, Canada, and China.6,7 Expanded use of
biodiesel, however, is hampered by two major drawbacks: 1) the large amount of glycerol
byproduct yielded in the transesterification process greatly impacts profitability and the
price to the consumer,8 and 2) biodiesel exhibits poor low temperature properties.9
Therefore, in order to further expand biodiesel use, it is necessary to address both these
drawbacks.
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Scheme 3.1 Transesterification of triglycerides with methanol, yielding fatty-acid methylesters (biodiesel).

When obtained directly from the biodiesel process, the crude glycerol is generally
about 80-90% pure. Contaminants include soaps, salts, methanol, and water. Optimally,
any chemical transformations with glycerol should utilize the crude grade in order to
avoid expensive purification steps. Much interest has been placed on upgrading glycerol
to more valuable chemicals, using methods such as selective oxidation, hydrogenolysis,
dehydration, pyrolysis, esterification, etherification, carboxylation, and polymerization.
These topics have been featured in several recent review articles.10-12 Additionally,
glycerol, with ~52% of its mass being oxygen, has been targeted as a platform for
deriving fuel additives for both gasoline and biodiesel, an appealing approach since it
increases the overall yield of biofuels obtained from triglycerides.13 Towards this end,
several methods have been explored, including etherification,14 esterification,15 and
acetalization.16 For example, solketal, prepared from the condensation of acetone and
glycerol, has been investigated as an additive in gasoline and biodiesel.16
Another group of materials which has received heavy attention in recent years are
the biomass derived furans, furfural and hydroxymethylfurfural.17,18 These compounds
are prepared through the dehydration of sugar residues and are being regarded as suitable
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platform chemicals for replacing numerous petroleum based products. In addition to
several industrial applications, furfural has received consideration as a substrate for the
production of biofuels.19 For example, Dumesic has published reports regarding the
catalytic production of gasoline and diesel range alkanes starting from furan
precursors.20,21 The acetalization of glycerol with furfural has also been previously
realized; however in all examples, the synthesis has been carried out in refluxing organic
solvent with a water separation apparatus.22,23 The products, furyl-1,3-dioxacyclanes,
have been noted for their significant potential as synthetic platforms as well as practical
applications.24
This chapter reports on the acetalization of glycerol with furfural under neat or
pseudo-neat conditions, employing simple Lewis acid salts or acidic solids as catalysts
and simple reaction methods designed to increase yields. Additionally, we have
examined post-synthetic modifications of the acetal products, mainly hydrogenation and
acetylation (Scheme 3.2), and have investigated the applicability of these novel
compounds as fuel additives to biodiesel. The applicability of our reaction methods to
crude glycerol is demonstrated.
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Scheme 3.2 Acetalization of glycerol with furfural to yield furan-acetals and their
subsequent modification.

3.2

3.2.1

Experimental

General Considerations

Furfural was purchased from Sigma and was freshly distilled under reduced
pressure and stored under an atmosphere of nitrogen prior to use. Pharmaceutical grade
glycerol (>99%) was obtained from Sigma and used as received. All Lewis acid catalysts
were used as received, and were supplied by Acros, Aldrich, Strem, or Alfa Aesar. The
MCM-41 aluminosilicate, (SiO2)0.9875(Al2O3)0.0125·xH2O, was purchased from Sigma and
used as received (Al≈3%, pore volume=1.0 cm3/g, pore size=2.5-3 nm, BET spec. surface
area=940-1000 m2/g). Anthracene, used as an internal standard in several experiments,
was purchased from Sigma. 5% palladium on activated carbon (Pd/C) was purchased
from Strem and was activated prior to use by first heating under flowing air at 110°C for
1 h, then heating under flowing hydrogen at 250°C for 1 h, and cooling under flowing
hydrogen. Crude glycerol was obtained from Integrity Biofuels and used as received.
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NMR analysis was performed on either a Bruker ARX-400 instrument outfitted
with a 5 mm QNP probe or a Varian Inova-300 instrument with a 5 mm 4-nucleus probe.
Gas chromatography was performed using an Agilent Technologies 6890N instrument.
GC/MS was done using an Agilent 5975C GC/MS for both EI and CI.
NMR yields are calculated by integration of the product versus a known quantity
of internal standard (anthracene). The moles of product are determined by the following
equation:
molprod = molstd · (Integralprod/Integralstd) · (Nstd/Nprod)

(Eq. 3.1)

where N is the number of nuclei for the relevant signal. The yield is then determined by
the following formula:
yieldprod(%) = (molprod/molglycerol) · 100%

(Eq. 3.2)

where the molglycerol is the initial amount of glycerol in the reaction mixture. In this way,
we obtain accurate and reproducible yields which correlate well with the isolated yields
that we obtain.

3.2.2

Lewis Acid Catalyzed Condensation of Furfural and Glycerol

In a typical reaction, furfural (1.92 g, 20 mmol) and glycerol (0.37 g, 4 mmol)
were combined in a round bottom flask, fitted with a reflux condenser, and heated to
100 °C with magnetic stirring. The catalyst (0.04-0.4 mmol, for salts, or 1-10wt% for
solid acids) was then added. In some cases, anthracene was added as an internal standard
at approximately 10 mol% with respect to glycerol. Samples were withdrawn and
dissolved in deuterated chloroform for analysis by NMR. To obtain isolated yields, the
reaction was run as described above for an allotted period of time, and then the reaction
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vessel was placed under vacuum to remove water and excess furfural. The residue was
dissolved in ether and filtered to yield a pink solution and often a black solid. After
removal of the solvent under reduced pressure, the oil was passed through a silica gel
column using a mixture of hexanes and ether (1:1) as eluent. Fractions containing the
condensation products were combined and the solvent removed under reduced pressure.
Alternatively, for larger scale reactions, fractional vacuum distillation can be employed to
isolate products. In this case, after filtration of the dissolved reaction mixture, the solvent
was removed. Excess furfural was then distilled off under vacuum, after which the
temperature was increased and the acetal products were distilled. In all cases, the
products were obtained as a mixture of (2-(furan-2-yl)-1,3-dioxolan-4-yl)methanol and 2(furan-2-yl)-1,3-dioxan-5-ol, each with a Z and E isomer, in approximately 7:3 ratio,
respectively. For simplicity, this mixture of acetal products will henceforth be referred to
as furan-acetals.
1

H-NMR (CDCl3, 400 MHz): δ 7.44-7.37 (m, 1H, OCHCHCHC), 6.51-6.37 (m, 1H,

OCHCHCHC), 6.38-6.31 (m, 1H, OCHCHCHC), {6.01, 5.87, 5.58, 5.45} (s, 1H,
OCHO), 4.40-3.46 (m, 5H, CH2CHCH2OH), {3.26, 2.83} (d, OH), {2.33, 2.22} (t, OH)

3.2.3 Hydrogenation of Furan-acetals
Hydrogenation reactions were performed using a Parr series 5000 multiple reactor
system. For a typical reaction, 200-300 mg of furan-acetals was added to a glass liner
and dissolved in 20 mL of ether. 10w/w% of 5% Pd/C was then added, along with a
glass coated stir bar. The reaction vessel was assembled and briefly purged with
hydrogen gas before being pressurized to 2.76 MPa of hydrogen. The mixture was then
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stirred at 600 rpm for 6 hours at 22°C. Afterwards, the catalyst was removed by gravity
filtration and washed with ether. The resulting product mixture, THF-acetals, was then
analyzed by gas chromatography. Aliquots were removed and the solvent evaporated for
analysis by NMR and MS.
Alternatively, larger scale reactions may be done under nearly neat conditions,
using a minimal amount of ether to facilitate the complete transfer of furan-acetals to the
hydrogenation reactor. Under these conditions, the product mixture is identical as that
described above. However, due to the nature of the reactor, it was necessary to recharge
the hydrogen pressure several times before the hydrogenation was complete.
1

H-NMR (CDCl3, 400 MHz): δ {4.88, 4.84, 4.82, 4.80, 4.43, 4.28} (d, 1H, OCHO), 4.22-

3.10 (m, 8H, OCH2CH2CH2CH & CH2CHCH2OH), 2.00-1.65 (m, 4H, OCH2CH2CH2CH)

3.2.4

Acetylation of THF-acetals

Acetylation of the free hydroxyl group was performed by combining THF-acetals
with two equivalents each of acetic anhydride and triethylamine. After stirring for 4
hours, the mixture was dissolved in ethyl acetate and washed with saturated sodium
bicarbonate, water, and brine. The ethyl acetate fraction was then dried over magnesium
sulfate, and, after filtration, the solvent was removed under reduced pressure. The
obtained mixture, THF-acetylacetals, was a combination of acetylated acetals and
triacetin in approximately a 4:1 ratio.
1

H-NMR (CDCl3, 400 MHz): δ {4.94, 4.85, 4.83, 4.51} (d, 1H, OCHO), {4.88, 4.60} (m,

1H, CH2CHCH2OCOCH3), 4.44-3.40 (m, 7H, OCH2CH2CH2CH &
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CH2CHCH2OCOCH3), {2.20, 2.14, 2.07, 2.06, 2.01} (s, 3H, OCOCH3), 2.00-1.75 (m, 4H,
OCH2CH2CH2CH)

3.2.5

Determination of Crude Glycerol

In order to determine the concentration of glycerol in the crude glycerol, a sodium
periodate assay was performed according to the established method.25 Briefly, a sample
of glycerol (ca. 0.2 g) was dissolved in 50 mL of water. To this, 50 mL of sodium
periodate TS (12 mL 0.1N H2SO4 and 6 g NaIO4 dissolved to make 100 mL solution).
The solution was swirled to mix, stoppered and left in the dark for 30 minutes. Excess
sodium periodate was then quenched by adding 10 mL of ethylene glycol/water (1:1),
swirled to mix, and left for 20 minutes. To this, 100 mL of water was added, and the
mixture was titrated with a standardized NaOH solution (approximately 0.1 M), using
phenolphthalein as an indicator. A blank was performed for correction. In this manner,
the amount of glycerol in the original sample was determined. This method was found to
have a tolerance of ±2% by testing pharmaceutical grade glycerol (> 99%).

3.2.6

Fuel Analysis

Biodiesel samples were analyzed for cloud point, density, and flash point. Cloud
point was determined by gradually cooling the sample and observing the temperature at
which crystallization begins. The density was obtained by recording the mass of 1 cm3 of
sample. The flash point was determined using a Petro-test PM-4 closed-cup flash point
tester, using the standard ASTM D93 method.
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3.3

3.3.1

Results and Discussion

Acetalization of Glycerol with Furfural Catalyzed by Lewis Acids

Previously, we have reported on the condensation of furfural and glycerol to form
a mixture of furyl-1,3-dioxacyclanes, consisting of both 1,3-dioxolanes and 1,3-dioxanes,
using a cationic rhenium oxazoline complex as a catalyst.26 These products, a mixture of
(2-(furan-2-yl)-1,3-dioxolan-4-yl)methanol and 2-(furan-2-yl)-1,3-dioxan-5-ol (furanacetals), have been described in the literature previously, having been formed using
Brønsted acid catalysts.22 Now we report on the use of simple and affordable Lewis acids
to perform this reaction in the absence of an additional solvent. Due to the unfavorable
equilibrium constant, we have found that a 5-fold excess of furfural is required to drive
the reaction to products at 100 °C; however, under certain conditions, the excess of
furfural may be significantly lowered. At room temperature the reaction mixture is not
homogeneous, as glycerol and furfural are not miscible. Often, the Lewis acid salt is
insoluble as well. Upon heating, the mixture becomes homogeneous. Generally, we
observe a series of color changes as the reaction progresses; first going from colorless to
a light brown/yellow, then to a dark pink, and finally the mixture will often become black,
indicative of furfural loss through resin formation, resulting in polyfurfural; this transition
to a black solution is often accompanied by the formation of a solid dark residue. The
acetal products themselves (furan-acetals) are pale yellow in color. The appearance of
the dark color and solid residue is invariably explained by the resinification of furfural,
causing the discoloration through an increase in conjugation; this process may be initiated
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by heat or acid.27 However, the origin of the pink color observed in the course of these
reactions is not obvious, and is currently attributed to an acetal by-product.
Several attempts were made to identify the origin of pink/red coloration. While
the structure of these by-product(s) has not been discerned, NMR and MS data suggest
that they are derivatives of the main acetal products. The red material may be isolated as
a residue following the distillation of the main acetal products. NMR of this residue
shows many extra peaks in the same region as the distinctive OCHO proton. Any
attempts at obtaining mass spectra on this material resulted in spectra nearly identical to
the main acetal products. This data leaves several explanations for the identity of the red

Table 3.1 Results for Lewis acid catalyzed acetalization of glycerol with furfural.

Entry

Lewis
Acid

Concentration
t
% Yield, NMR
(mol%)
(min)
(Isolated)

1

ZnCl2

1

30

75

2

ZnCl2

1

120

90 (89)

3

CuCl2

1

30

55

4

Cu(OTf)2

1

5

75 (67)

5

AlCl3

10

30

70

6

NiCl2

1

30

80

7

Ag(OTf)

1

30

60

8

AgBF4

3

30

62
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material. Most likely is the addition of another equivalent of furfural at the alcoholic site
of the furan-acetals. It is also possible that the color arises due to the acetal formation
with an oligomeric species of either furfural or glycerol, as some acidic materials have
been noted as catalysts for the oligomerization of glycerol, albeit at significantly higher
temperatures and reaction times.28
Table 3.1 shows the results for the various Lewis acids investigated. All salts
exhibited comparable performance within a narrow range. Moderate yields of 60-80%
were obtained within 30 minutes; yields increased with extended times as shown for
ZnCl2, reaching 90% yield after 2 hours. These reactions were done on a small scale of
2-3 mL total volume in a closed system fitted with a reflux condenser. We note here that
at these scales, the buildup of water in the reaction mixture is not very significant, due to
the fact that the reaction is carried out at 100 °C and there is sufficient surface area in the
headspace for the water to condense on without reentering the reaction medium. Larger
reaction volumes caused a decrease in the reaction yields as water becomes more
prevalent. Anthracene was used as an internal standard because it gives a clear and
defined peak in the NMR, and it is unreactive under our reaction conditions.
The general trend observed for these reactions is a fast initial period that accounts
for most of the product followed by a slow phase in which product formation continues
until the maximum yield is obtained. With respect to the ratio of acetal products formed
(see Scheme 3.2), all the catalysts give similar selectivity; a mixture of approximately 70%
dioxolane and 30% dioxane is obtained. Mechanistically, the Lewis acid catalyzed
reaction is analogous to the traditional Bronstead acid catalyzed acetalization, and
considering the elevated temperature, one would expect to preferentially form a higher
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portion of the kinetically favored product (dioxolane) rather than the thermodynamically
favored product (dioxane). The main noticeable difference between catalysts, other than
activity, is in the extent of furfural resinification, causing the accumulation of highly
colored material. For example, Cu(OTf)2 begins generating black material within several
minutes of adding the catalyst and the reaction mixture eventually solidifies to a gel.
ZnCl2, on the other hand, will remain a pink solution, even after several hours of heating.
Of the homogeneous Lewis acids studied, two stood out as candidates for further
study: Cu(OTf)2 for its high initial rate and ZnCl2 for its high yields and significantly
diminished side reactions. In order to examine the reaction further, the condensation
products were isolated for both Cu(OTf)2 and ZnCl2. Silica gel columns were done to
purify and isolate the condensation products, using a 1:1 mixture of hexanes/diethyl ether
as eluent. From this, it’s evident that a greater amount of byproducts was formed from
the Cu(OTf)2 catalyzed reaction than from the ZnCl2 reaction. Isolated yields of the
furan-acetals for ZnCl2 were excellent at 89%, while Cu(OTf)2 was poorer at 67%.
Kinetic profiles for each of these catalysts were also obtained, as shown in Figure 3.1.
The use of Cu(OTf)2 also results in a significant amount of insoluble black material,
while ZnCl2 results in virtually no insoluble products. The accumulation of the furan
resins ultimately limits the yield, as furfural is consumed by an undesirable pathway; so
despite its rapid rate of reaction, Cu(OTf)2 is a poor choice of catalyst due this side
reaction. The use of ZnCl2 therefore allows for extended periods of heatings, resulting in
higher yields. All these factors have led us to conclude that ZnCl2 is the catalyst of
choice for this reaction from the pool of Lewis acids examined herein.
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Figure 3.1 Kinetic profiles for the acetalization of glycerol with furfural using ZnCl2 and
Cu(OTf)2.

3.3.2

Solid Acid Catalyzed Condensation

A number of solid acids were also utilized as catalysts for this reaction, as seen in
Table 3.2. These include the hexagonally structured mesoporous aluminosilica MCM-41
(Al = 3%) and Montmorillonite K-10 clay. For each of these, around an 80% yield was
achieved, comparable to many of the Lewis acids described above, though a slightly
longer reaction time was necessary. The product distribution is the same as with the
homogeneous Lewis acids, approximately a 7:3 ratio of dioxolane to dioxane. Curiously,
an amorphous aluminosilicate material, DAVICAT SIAL 3113 (13% alumina), showed
no improvement over the uncatalyzed reaction. The use of solid acids is beneficial since
it simplifies the reaction separation and the catalyst can be easily recovered and reused in
another batch of reactions. Additionally, use of a heterogeneous catalyst adds the

50
prospect of potentially having a catalyst that is tolerant to water. While neither of the
active catalysts here shows any tolerance to water (no products are observed when water
is intentionally added to the reaction mixture), a select few catalysts have been noted in
the literature as being water tolerant.29
We tested the reusability of the mesoporous aluminosilica MCM-41 through a
series of reactions. This was done by running the reaction for two hours, after which time
a small sample was removed for NMR analysis. The remaining reaction volume was
dissolved with ethyl ether and the catalyst was removed via vacuum filtration. The
catalyst was then washed with ethyl ether and allowed to dry for several minutes. A fresh
batch of furfural and glycerol was prepared, and the recovered catalyst was added. The
same catalyst sample was used in a series of three reactions, and there was no evident
loss of activity (Figure 3.2). The observed yields, however, were lower than previously

Table 3.2 Results for solid acid catalyzed acetalization of glycerol with furfural.
Entry

Solid Acida

% Yield, NMR
(Isolated)

Aluminosilicate
80 (84)
MCM-41
Montmorillonite
2
79
K-10
Davicat SIAL20
3
3113
a
Catalyst loading was 10 wt% with respect to glycerol. All reactions done at 100°C for 2
hours and a scale of less than 3 mL total volume.
1
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Figure 3.2 Reusability of the aluminosilicate MCM-41 catalyst. All runs done at 100°C
for 2 hours with a 5:1 ratio of furfural to glycerol and approximately 10% w/w MCM-41.
a
Run 4 was done at half the scale as 1-3, thus affording higher yield.

observed due to the larger scale of the reaction and the increased product inhibition
caused by the buildup of water, as mentioned in the previous section. As a follow up, a
sample of the recovered catalyst was used in a fourth reaction of a smaller scale, and as
expected, a higher yield was obtained. As it was reused, the MCM-41 material, initially a
pristine white, took on a gray color; however, as evident by our experimental data, this
did not hinder its catalytic activity.
As noted earlier, we have noticed as a general trend for all catalysts that as the
scale of the reaction increases, the yields drop. We attribute this to the buildup of water
in the reaction mixture as the reaction proceeds, which shifts the equilibrium back
towards reactants. Traditionally, with acid catalyzed reactions of this type, this problem is
dealt with by using a Dean-Stark apparatus to remove water from the solvent. This,
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however, is impractical for our purpose. In a recent report on the acetalization of
glycerol with acetone using sulfonic acid functionalized mesostructured silicas under
pseudo-neat conditions (using a six-fold excess of acetone), this issue was dealt with by
removing all of the acetone and water byproduct under reduced pressure, and adding in a
fresh quantity of dry acetone and continuing to run the reaction. After several of these
cycles, yields were improved from around 80% to over 90%.30 Again, for our case, it
would be cumbersome to remove all the furfural in each cycle, due to the lower volatility
of furfural. However, based off this methodology, we devised a simple and straight
forward method for improving reaction yields. After heating the reactants together to
100 °C, the catalyst MCM-41 was added and the reaction was allowed to proceed as
usual for 10 minutes. After this, a continuous stream of dry nitrogen was blown over the
reaction while maintaining the reaction temperature at 100 °C, effectively purging the
headspace of any volatiles. A diagram of the reaction set-up is shown in Figure 3.3.
After thirty minutes of nitrogen flow, the yields were improved from 60-70% to nearly 90%
(Figure 3.4).

Figure 3.3 Diagram of reaction setup for nitrogen flow experiments in furfural
acetalization.
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Figure 3.4 Improvement of yields by continuous stream of nitrogen gas flow over the
reaction mixture in furfural acetalization.
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This method of continuous nitrogen flow was tested for 10%, 5%, and 1% w/w MCM-41
catalyst. As expected, the higher catalyst loading results in higher yields in the given
time, though between 10% and 5%, the final yields are essentially identical. The 1%
catalyst loading was noticeably slower. In addition, we tested this continuous nitrogen
flow method for the zinc chloride homogeneous catalyst as well and observed increased
yields. After 40 minutes reaction time, 91% yield of furan-acetal was observed, which is
up from 70-80% for a closed system at a similar scale and time.
While there is a small loss of both furfural and glycerol from the reaction while
the stream of dry nitrogen gas is passed over it, the effect is minimal, and the overall
benefit outweighs any negative drawbacks. The volatiles lost due to the nitrogen stream
may be collected by either passing the gas through a tube that is cooled in a dry ice bath,
or by simply directing the gas flow into a small Erlenmeyer flask. By doing this, we have
collected a liquid which separates into two layers, one primarily composed of furfural and
the other being glycerol and water. While the loss of glycerol and furfural from the
reaction may ultimately have an impact on the yield, both chemicals could be recycled.
Furthermore, neither the condensation products nor the internal standard were removed
by the nitrogen flow, meaning that accurate yields were obtained.
A control reaction was done mimicking the normal reaction conditions for the
continuous flow method, without the addition of a catalyst. A sample was removed after
30 minutes of the nitrogen flow, revealing a 19% yield. A second control experiment
was done using 5% MCM-41 catalyst and no nitrogen flow. In this case, the yield after
40 minutes of total reaction time was 72%. These controls highlight the importance of
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both the catalyst material and the nitrogen flow; in the absence of one, the yield is
severely impacted.
With this new methodology, two applications were pursued. First, whether the
reaction can be achieved using crude glycerol generated from biodeiesel production, and
secondly, whether the reaction can be conducted under truly neat conditions,
stoichiometric furfural and glycerol. A sodium periodate assay was used to determine the
glycerol content in crude glycerol samples obtained from Integrity Biofuels. The
glycerol content of our crude samples was found to be 87% by weight. This value was
used to calculate the amounts of furfural and catalyst needed. Our efforts were focused
on using the MCM-41 aluminosilicate catalyst under the optimal conditions described
above (100 °C with a stream of nitrogen gas purging the headspace). Significant
differences between the crude and pharmaceutical glycerol samples were noted instantly
by mere observation. The MCM-41 catalyst clumped up in the reactions with crude
glycerol, whereas with the pharmaceutical glycerol, the MCM-41 catalyst retained its fine
powder state. This is indicative that the MCM-41 was acting as an absorbent to remove
water from the reaction mixture with crude glycerol.
Results for the reactions done with the crude glycerol are summarized in Table
3.3. At 100 °C, significant yields were not observed until the catalyst loading reached
10wt%. By increasing the temperature to 125 °C, improved yields were observed with
5wt% catalyst loading. However, during the course of these reactions, the reaction
mixture showed little to no change for a period of time, then rapidly changed color and
began accumulating black material. Two hypotheses are put forward to rationalize this
observation: 1) some component of the crude glycerol is acting as a secondary catalyst
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Table 3.3 Results of acetalization reactions utilizing crude glycerol.
Entry

Temperature
(°C)

w/w%
MCM-41

N2-Flow
Time (min)

% Yield
of 1

1

100

10

20

80

2

100

5

50

27

3

100

1

20

<1

4

125

5

10

78

5

125

1

30

10

and 2) both the MCM-41 and the N2 flow are removing water from the reaction mixture.
The reaction proceeds only when sufficient water has been removed.
In order to test our hypothesis that a component of the crude glycerol is acting as
a catalyst for the reaction, we ran condensation reactions with crude glycerol and furfural
without an additional catalyst. Little to no yield was observed, even after an additional
hour of continual nitrogen flow. Additionally, reactions run in the presence of either
sodium sulfate or 3 Å molecular sieves also afforded little to no product. These results
lead to the conclusion that the MCM-41 material is vital for the reaction. A recent study
has investigated the impact of methanol, water, and NaCl on the catalytic acetalization of
glycerol with acetone using the solid acids Amberlyst-15 and zeolite H-Beta.31 All three
materials have a deleterious effect on the catalytic conversion, and the effect was even
more significant when two or more contaminants were combined. The presence of water
has a dual effect of both inhibiting the forward acetalization reaction in addition to
decreasing the strength of the acid sites. The addition of NaCl along with water causes
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the neutralization of acid sites through cation exchange, with the water aiding the
transport of the salt into the pores. And while the cation exchange would release HCl
into the reaction medium, HCl was ruled out as a catalyst for this reaction through a
control experiment with concentrated HCl. However, one might argue that the presence
of a significant amount of water (inevitable when using concentrated HCl) would
severely inhibit the reaction due to both the unfavorable equilibrium constant and the
poor acid strength. So in a system such as ours, where water is being constantly removed
from the reaction medium, the liberation of HCl would seem to explain the sudden
reaction which we observe, as well as explain why the crude glycerol leads to the
accumulation of furfural resins while the pure glycerol does not, since the furfural
degradation pathways are known to be driven by both acid and heat.27 In fact, when we
add concentrated HCl to a hot solution of glycerol and furfural, the mixture instantly
turns black and in a few minutes turns to a solid block of furfural resin. So, this
collection of evidence seems to indicate a variety of factors governing the reactivity of
crude glycerol with furfural, using the MCM-41 catalyst and the N2-flow method. First,
the slow cation exchange, releasing HCl into the solution, and second, the removal of
water via the nitrogen flow until the mixture is sufficiently dry enough for the reaction to
progress.
Our second goal was to decrease the amount of furfural included in the reaction
mixture. Indeed, using our new methodology, we were able to significantly reduce the
amount of furfural used in the reaction while maintaining good yields, as shown in Table
3.4. 25% molar excess of furfural, 4 w/w% MCM-41 catalyst, and an hour of N2 flow
gave an isolated yield of 68%. In a similar fashion, an 85% yield was achieved with only
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2:1 furfural:glycerol molar ratio. This yield is comparable to that previously obtained
with a 5-fold excess of furfural. With this knowledge, we were able to use a 50% molar
excess of furfural to successfully scale up the reaction to volumes over 100 mL while
maintaining an isolated yield of > 80%.

Table 3.4 Survey of reaction conditions aimed to improve yields while decreasing excess
of furfural in acetalization reaction with glycerol.
Entry

Molar ratio
Furfural:Glycerol

Total reaction
vol. (mL)

MCM-41
w/w%

N2 Flow
time (h)

% Isolated
Yield

1

1.25:1

12

4

1

68

2

2:1

15

4

1

85

3

1.5:1

40

2

1

65

4

1.5:1

110

2

1.5

48

5

1.5:1

110

2

3

76

6

1.5:1

116

2

4

82

3.3.3

Hydrogenation of Furan-acetals

The furan ring of the condensation products can be hydrogenated using 5% Pd/C
under mild conditions of 2.76 MPa hydrogen at 22 °C. The resulting product is a
complex mixture of tetrahydrofuryl-1,3-dioxacyclanes; the addition of another chiral
center adds several isomeric forms. Analysis of the product mixture by GC/MS and
NMR verifies that the furan ring was successfully hydrogenated while the rest of the
molecule was left intact. NMR analysis shows several doublets from 4.3-5.0 ppm for the
alpha proton. The furan-acetals, on the other hand, show 4 singlets from 5.5-6.1 ppm for
the alpha proton.
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3.3.4

Acetylation of THF-acetals

In consideration of observations made by Garcia et al in which acetylation of the
free hydroxyl group of solketal yields a more attractive biodiesel additive,16 a similar
transformation on the THF-acetals was carried out. The THF-acetals were reacted with
acetic anhydride in triethylamine, yielding a mixture of tetrahydrofuryl-1,3-dioxacyclane
acetates and triacetin. By NMR, an approximate molar ratio of acetal to triacetin was
determined to be 4:1. Due to the complexity of this mixture, it is challenging to
determine the exact ratio; however, it is clear that the amount of acetal present is multiple
times that of triacetin. Since triacetin itself has been studied for use as a biodiesel
additive with little to no ill-effects,15 the presence of triacetin in this mixture is not
detrimental to the viability of its use as a biodiesel additive.

3.3.5

Effect of THF-acetal and THF-acetylacetal as Biodiesel Additives

To examine the viability of our products as additives to biodiesel, we blended the
materials with B100 prepared from soybean oil. Blends of THF-acetal were prepared in
1 and 5 wt%, while blends of THF-acetylacetal were prepared in 1, 5, and 10 wt%. The
poor solubility of THF-acetal in biodiesel prevented the preparation of a 10 wt% sample.
THF-acetylacetal showed no problems with solubility, suggesting that it may be better
suited as a fuel component. In order to get a basic understanding of the properties of our
fuel blends, we measured the cloud point, density, and flash point of all our samples,
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Table 3.5 Impact of acetal additives on the properties of biodiesel.
Sample

Flash
Point, °C

Cloud
Point, °C

Density,
g/cm3

B100

126

0.9

0.895

1% THF-acetal

140

1.2

0.899

5% THF-acetal

148

0.7

0.907

150

1.0

0.905

140

0.0

0.909

144

0.1

0.920

THF-acetal

140-148

n/a

1.220

THFacetylacetal

-

n/a

1.191

1% THFacetylacetal
5% THFacetylacetal
10% THFacetylacetal

results shown in Table 3.5. The cloud point serves as a good indicator for the fuel’s
performance at low temperature.
The cloud point is measured by gradually lowering the temperature and observing
the point at which crystals begin to form. From our tests, we can surmise that these
compounds may be blended with biodiesel at low levels and have no adverse effects to
the fuels low temperature properties. While statistically insignificant, we did observe a
slight drop in the cloud point for blends of THF-acetylacetals. However, this effect may
be due to the presence of triacetin in the sample, which has been reported to improve low
temperature properties of biodiesel.16 Additionally, the furan-acetals were tested as a
cloud point suppressant in biodiesel, and again, the results for this material indicated that
there was no effect.
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We observed little to no impact on the density. As expected, due to the density of
the additives being much larger than that of the biodiesel, there was some slight increase
in the density of the blends. However, this increase is insignificant except for in the
higher (10%) blending levels.
Finally, the flash points were determined according to the ASTM D93
specifications. The results indicate that the presence of these materials in the biodiesel do
not significantly alter the flash point of the fuel.
We have demonstrated that the condensation of furfural and glycerol to acetals
and their subsequent hydrogenation can be performed easily and economically. However
the final step, the acetylation, requires several chemicals and may not be feasible on large
scale. While this step does greatly improve the solubility of the additive in the biodiesel,
based on our data collected so far, the acetylated acetals do not offer a significant
advantage. Therefore, the final acetylation step may be omitted, still yielding a viable
biodiesel additive while maintaining an economic and chemically efficient process.

3.4

Conclusions

In summary, cyclic acetals have been prepared from the condensation of furfural
and glycerol using neat conditions at moderate temperatures with a variety of
homogeneous Lewis acid catalysts and heterogeneous solid acids. The introduction of N2
flow over the reaction circumvented water inhibition and enabled high yields of acetal
under nearly stoichiometric furfural to glycerol molar ratio at scales of > 100 mL. The
ideal Lewis acid catalyst was found to be ZnCl2 due to the minimization of by-products
from furfural resinification, however the aluminosilicate MCM-41 gives nearly the same
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yields and therefore should be considered the superior catalyst due to its heterogeneous
nature. Additionally, we have found that our reaction methods and catalysts can be
applied to crude glycerol while maintaining decent yields. These synthetic methods may
be applied to other substrates and reactions provided that they retain a low volatility.
The isolated condensation products are easily hydrogenated under mild conditions,
followed by acetylation of the free hydroxyl group. The resulting mixtures were tested as
additives in biodiesel and were found to have no ill-effects based on the data collected.
The described catalytic processes enable the recycling and use of a byproduct of biodiesel
production, glycerol, in combination with biomass derived material, furfural, as a fuel
component up to 10 wt% of the biofuel.
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CHAPTER 4. GREEN SYNTHESIS OF FUROIN AND ITS
DEOXYGENATION/HYDROGENATION TO C10 ALKANE

4.1

Introduction

The use of furfural(s) in fuels or other organics is a crucial step to successfully
utilizing biomass. Production of furfural (FF) or hydroxymethylfurfural (HMF) from
cellulosic biomass has been a large focus of recent literature.1,2 A laboratory preparation
of these materials which has been gaining popularity is use of a biphasic reaction medium,
where the hydrolysis and dehydration of biomass residues occurs in the aqueous phase
and the products (FF/HMF) is subsequently extracted into an organic phase.3-5 Since
furfural is easily susceptible to resinification resulting in humins, the extraction into the
organic phase helps to improve yields by isolating it from the acid catalyst. Additionally,
this process allows for interesting prospects, since the furan containing organic phase can
easily be isolated and subjected to additional reactions while the aqueous phase can be
recycled.
An interesting derivative of furfural which has largely been ignored is furoin, the
result of benzoin coupling yielding an alpha-hydroxyketone product. Commonly,
benzoin coupling is carried out by organocatalysis with an N-heterocyclic carbene (NHC).
The reaction may also be catalyzed by the cyanide anion. This carbon-carbon bond
forming reaction is easily carried out at room temperature and products may be isolated
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by simple filtration. In this type of dimerization, the nucleophilic catalyst first attacks the
aldehyde, triggering an umpolung (polarity inversion) of the carbonyl group. This
activated carbonyl then adds to a second carbonyl group via nucleophilic attack, resulting
in the carbon-carbon bond formation and yielding the alpha-hydroxyketone after
elimination of the catalyst. In some cases, the diketone may also be produced, especially
in reactions which are heated, since the alpha-hydroxyketone is easily oxidized. The
coupling of furfural gives a C10 molecule which upon hydrogenation and dehydration
could feasibly yield a C10 alkane. Other furan derivatives, such as HMF or 5methylfurfural, would provide for C12 carbon chains.
Several furfural derivatives have been noted as fuel precursors. A large amount
of focus has been placed on upgrading furfurals via aldol condensation (either selfcondensation or crossed-condensation) and then subjecting these products to some
dehydration/hydrogenation process in order to yield alkane products.6 In one report,6
furoin has also been used as a substrate in a dehydration/hydrogenation reaction, however
the main focus of this paper was on the aldol products. Additionally, the selectivity to
C10 alkane was only 34% and C9 alkane was 26%. Many reaction processes, such as
this one, addressing the utilization of furan derivatives occur in the gas phase, using flow
reactors. It would be advantageous to develop liquid phase processes to accomplish this
due to better selectivity and conversion.
A small body of work has examined the solution phase treatment of furan
derivatives. In one example, furoin is hydrogenated to the corresponding diol
(hydrofuroin) by transfer hydrogenation.7 While this process gives high yields of the diol,
is applicable to several furan derivatives, and works with furil (diketone analogue of
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furoin), it does require the use of expensive Ru or Ir homogeneous catalysts, the
recyclability of which is questionable. Other recent studies have investigated ring
opening processes of furan derivatives. Energetically, it is much more favorable to ringopen a furan ring versus a tetrahydrofuran ring, and results for the acid-catalyzed ring
opening of furans have shown interesting functional group dependence.8,9 For example,
furfural derivatives with no substituent in the 5-position of the furan ring do not undergo
ring opening processes; likewise a derivative in which the conjugation extends beyond
the furan ring also does not undergo ring-opening.9 However, once the substrate has been
ring-opened by acid catalysis (yielding a carbon chain with several ketones),
hydrodeoxygenation gives good yields of alkane products.8 Other studies have
investigated the direct conversion of furfural to 1,5-pentanediol10 or the hydrogenolysis
of tetrahydrofurfuryl alcohol (result of hydrogenation of furfural).11-13
This chapter focuses on two goals. First, the green preparation of furoin using
renewable solvents, motivated by the possibility of performing a two-pot procedure in
which the as-produced furfural from a biphasic reaction medium is directly subjected to
benzoin coupling with little to no work-up in between (Scheme 4.1). The second goal is
to examine solution phase methods for the treatment of furoin derivatives, working
towards obtaining clean processes to yield high amounts of alkane suitable for a drop-in
fuel (Scheme 4.2).
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Scheme 4.1 Synthesis of furoin from as-produced furfural using NHC catalysts.

Scheme 4.2 Possible synthetic routes from furoin to alkane.
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4.2

4.2.1

Experimental

General Considerations

Pd/C and Ru/C were purchased from Strem (Newburyport, MA). 1-butyl-3methylimidazole chloride (BMImCl) was purchased from the Lanzhou Institute of
Chemical Physics Center for Green Chemistry and Catalysis (China). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO). NMR analysis was done
on a Bruker ARX-400 instrument outfitted with a 5 mm QNP probe.

4.2.2

Typical Benzoin Coupling Conditions

Furfural (10 mmol) was dissolved in solvent. NHC catalyst precursor (0.5 mmol)
was added. Finally, base (0.5-3 mmol) was added and the reaction was allowed to
proceed. Workup of the products was either accomplished by filtration or by extraction
with dichloromethane followed by recrystallization.

4.2.3 Preparation of N-heterocyclic Carbene Catalysts
A variety of NHC catalysts were prepared and examined for use in the benzoin
coupling of furfural. These were prepared following literature procedures and are
summarized as follows.
1,3-dibenzylbenzimidazolium bromide (BIBnHBr)14: Sodium hydroxide (one
equivalent) was added to a suspension of benzimidazole in acetonitrile. After stirring for
30 minutes, 1 equivalent of benzyl bromide was added and the resulting solution was
refluxed overnight. After removal of the solvent, the residue was dissolved in THF and
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sodium bromide was filtered off. The solvent was then removed and the residue
dissolved in toluene, to which 1 equivalent of benzyl bromide was added. This mixture
was heated at 80°C overnight and the product was isolated by filtration and washed with
toluene and diethyl ether. The crude product was recrystallized in water to give
BIBnHBr.
1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (IPrHCl), 1,3-bis(2,4,6trimethylphenyl)imidazolium chloride (IMesHCl), and 1,3-bisphenylimidazolium
chloride (IPhHCl)15: The corresponding diimine (prepared from aniline and glyoxal) was
first dissolved in ethyl acetate and cooled to 0°C. A solution of paraformaldehyde and
HCl (4.0N in dioxane) was prepared and added to the diimine solution. The resulting
mixture was stirred for several hours forming a precipitate which was collected by
filtration. The solid was then dissolved in dichloromethane, and sodium bicarbonate was
added. This mixture was stirred for one hour, then filtered. Diethyl ether was then added
to the filtrate to precipitate the product, which was then filtered and washed with diethyl
ether to yield the NHC salt.
1,12-bis((1-methylbenzimidazolium)-3-yl)dodecane dibromide (BisBIMeHBr)16
and 1,3-dimethylbenzimidazolium iodide (BIMeHI)17: 1-methylbenzimidazole was
dissolved and the corresponding alkyl halide (1,12-dibromododecane or iodomethane)
was added. The mixture was heated and then concentrated in vacuo. The residue was
then recrystallized to yield the NHC salt. BisBIMeHBr was prepared in acetonitrile
while BIMeHI was prepared in methanol.
2-Phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium tetrafluoroborate
(TazPyPhHBF4) and 2-Pentafluorophenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-
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ium tetrafluoroborate (TazPyC6F5HBF4)18: Trimethyloxonium tetrafluoroborate was
added to a solution of 2-pyrrolidinone in dichloromethane and stirred overnight. The
appropriate phenylhydrazine was then added and the solution stirred overnight. This
solution was then concentrated and the residue dissolved in methanol and triethyl
orthoformate. This mixture was refluxed overnight to yield a solid, which was filtered
and recrystallized from methanol to give the triazolium salt.

4.2.4

Typical Conditions for the Treatment of Furoin

For hydrogenation reactions: furoin was added to a stainless steel autoclave
reactor (Parr Instruments, Moline, IL). Solvent was added, followed by catalyst and any
additive. The reactor was assembled and charged with hydrogen gas (UHP grade,
Matheson, Basking Ridge, NJ). The reaction was then heated for a set period of time.
After cooling to room temperature, the reactor was opened and the reaction was filtered
and washed with dichloromethane. The solvent was then removed under reduced
pressure and the crude material analyzed by NMR.
For acid-catalyzed ring-opening reactions: furoin was added to a round bottom
flask, dissolved in a mixture of solvent and acid solution, and fitted with a reflux
condenser. After heating for a set period of time, the reaction mixture was extracted
three times with dichloromethane. The combined organic layer was washed with
saturated sodium bicarbonate followed by brine, and finally dried over sodium sulfate.
The solvent was removed and the products analyzed by NMR.
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4.3

4.3.1

Results and Discussion

Preparation of Furoin Under Green Conditions

To begin our study on the use of green solvents for the synthesis of furoin, we
choose to first investigate a well-known catalytic system, with thiamine hydrochloride as
catalyst. This has been well studied, and the mechanism for benzoin condensation first
established by Breslow in the 1950’s.19 Since then the thiamine catalyzed formation of
furoin has become a common laboratory experiment in undergraduate organic courses.20
The challenge for us becomes the choice of solvent; due to problems with solubility, the
most commonly reported solvent is ethanol. This is convenient since the furoin product
precipitates from the reaction and is therefore easily isolated. We find that the procedure
in ethanol works great, with yields over 80% commonly obtained, simply by allowing the
reaction to stir at room temperature overnight. However, we want to use a more organic
solvent that will be immiscible with water, since our ultimate goal is to use the organic
phase of the biphasic furfural producing reaction directly. Ethanol therefore is a poor
choice of solvent for our goals. We tested the reaction in both THF and
methyltetrahydrofuran (MeTHF) (a solvent that can be produced from the hydrogenation
of furfural with properties similar to THF), but the yields in these cases were low due to
poor solubility of thiamine. Additionally, we tried refluxing the reaction in these solvents
and obtained low yields (around 35% after 3 hours). We used another renewable solvent,
tetrahydrofurfuryl alcohol (THFfA, which may also be prepared from the hydrogenation
of furfural), and were able to obtain results very similar to those with ethanol (>70%
yield). Again though, this solvent is miscible with water so not practical for our goals.
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To meet our goal of using an organic solvent that will be biphasic with water, we
looked into using mixtures of solvents. Using 1:1 mixes of solvents, we were able to
obtain results pretty close to what we get by just using ethanol (near 80%, see Table 4.1).
We also note that the base triethylamine (TEA) works best with thiamine; a different
organic base, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), gives no product under
identical conditions, despite having similar pKa’s for the conjugate acid (protonated TEA
pKa=10.75, protonated DBU pKa≈12). Additionally, we found that increasing the
amount of solvent (i.e. diluting the reaction) gave a decrease in the yield. Using other
substrates with our reaction conditions also gave reduced yields. We also tested if
heating the reaction would provide any benefit, and we found the best results in a
refluxing 1:1 mix of MeTHF/EtOH, giving a 65% yield after 4 hours. If the ethanol is
switched for THFfA, thus affording a higher boiling solvent, we found that the yield
actually decreases at higher temperature (45% at 110°C for 4 hours).
We took our reaction conditions and began applying them to other NHC catalysts.
First we used a bridged bisbenzimidazole bromide (BisBIMeHBr). This had been
reported to catalyze benzoin condensation in water,16 though with furfural as the substrate
we were not able to replicate these results (the reaction does proceed as reported with
other substrates such as benzaldehyde). We used this catalyst under the ideal conditions
we had established with thiamine, and in this case we found that DBU affords higher
yields than TEA: DBU gave 64% yield while TEA gave 33% yield after one day of
stirring at room temperature. Changing the reaction conditions we again found that
increasing the amount of solvent again gave lower yields. Other conditions were altered,
and we found that the reaction was actually complete within 3 hours. We also had been
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Table 4.1 Use of various solvents and mixtures at ambient conditions for NHC catalyzed
dimerization of aldehydes.
Entrya

Catalyst

Substrate

Solventb

Base

% Yield
Benzoin

1

Thiamine HCl

FF

EtOH

TEA

83

2

Thiamine HCl

FF

EtOH

DBU

0

3

Thiamine HCl

FF

MeTHF

TEA

<5

4

Thiamine HCl

FF

MeTHF/EtOH

TEA

78

5

Thiamine HCl

Benzaldehyde

MeTHF/EtOH

TEA

54

6

Thiamine HCl

HMF

MeTHF/EtOH

TEA

60

7c

BIMeHI

FF

EtOH

TEA

87

8c

BIMeHI

FF

THF/EtOH

TEA

75

9

BisBIMeHBrd

FF

MeTHF/EtOH

DBU

71

10e

BisBIMeHBrd

FF

MeTHF/EtOH

DBU
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a

Unless otherwise stated, reactions use 3 mL of solvent, 10 mmol substrate, 0.5 mmol
catalyst, and 3 mmol base; yields were determined after 24 hours. bAll solvent mixtures
are 1:1. cReaction used 10 mL of solvent, yield determined after 5 days. dAmount of
catalyst was 0.25 mmol, affording 0.5 mmol active sites. eReaction used 0.5 mmol of
base, yield determined after 2 hours.

using a 1:6 ratio of catalyst to base, so we tested using a stoichiometric ratio and found
that the yield actually increased slightly. Additionally, some recycling tests were done,
by taking the catalyst solution obtained by filtration and charging it with another portion
of furfural. This does give good yields of furoin, though the addition of another portion
of base is required.
We tested a similar catalyst without the alkane bridge, the 1,3dimethylbenzimidazole iodide (BIMeHI). This catalyst had been reported to give furoin
in high yields by refluxing in THF.21 We attempted to replicate these results and were
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disappointed by the results, obtaining yields in the range of 30-40% with the main
product being furil, the result of oxidation of furoin due to heating in air. Instead of
pursuing this application further, we choose to again study the mixed solvent system from
previous catalysts. We found that in pure ethanol, high yields of furoin were obtained (in
excess of 80%). For this catalyst, we found that TEA was a better base than DBU, and
that a 6 fold excess of base provided higher yields. Additionally, we found that an
extended period of time was necessary to get decent yields (3-5 days). For comparison,
benzaldehyde was tested as a substrate under the optimal conditions, and we found an
interesting result in which using TEA as base gave no conversion, while DBU gave good
yields of benzoin. This is essentially the opposite trend that we saw with furfural,
suggesting that there is some interplay between catalyst, base, and substrate and that there
is no one set of optimum conditions that may be applied to a wide set of substrates.
We wanted to examine if microwave heating would be useful to help accelerate
the production of furoin using our reaction conditions. A recent study reported on using
microwave irradiation to assist benzoin condensation using thiamine as solvent.22 This
report was focused on using a propylene glycol solvent with a small amount of solvent
and triethylamine as base; the yields they obtained were good when compared with
literature yields. We decided to first test the microwave heating reactions using the
BisBIMeHBr catalyst since it afforded good results previously which we are able to draw
comparisons to. We ran these initial reactions using PowerMax mode, which utilizes a
continuous stream of gas over the reaction vial, affording the maximum amount of power
to be used. The temperature was controlled at 140°C. After completing the reaction, the
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Table 4.2 Results of microwave assisted BisBIMeHBr catalyzed dimerization of furfural.
Entrya

Catalyst
(mmol)

DBU
(mmol)

Time
(min)

Power
(W)

Yield (%)

1

0.25

0.5

0.33

300

67

2

0.25

0.5

1

300

49

3

0.25

0.5

5

300

22

4

0.25

0.5

0.33

150

69

5

0.25

1.0

0.33

300

60

6

0.125

0.25

0.33

300

70

a

All entries used 3 mL of 1:1 MeTHF/EtOH solvent and 10 mmol furfural. Reactions
were run in PowerMax mode with temperature controlled at 140°C.

vial was cooled, ethanol was added, and the vials stored in a freezer overnight to allow
product to crystallize. Results are shown in Table 4.2. We found that heating times of
greater than 20 seconds led to lower yields, largely due to the fact that extended heating
generates more furil, which is harder to isolate. We also found that we could decrease the
amount of catalyst and base which we use and still get decent yields. Comparable to
what we had previously obtained at 3 hours, we are able to obtain the same yields in only
20 seconds.
We wanted to expand on this and see if we could observe what impact the NHC
catalyst has on the reaction using our microwave methodology. A library of various
NHC precursors was synthesized, as shown in Figure 4.1. This includes a mixture of
imidazole and benzimidazole with different substituents on the 1 and 3 positions, along
with a couple of triazoles. We used these as catalysts according to the conditions in
Entry 1 of Table 4.2. The results of this survey (Table 4.3) were widespread. A general
observation is that the benzimidazole catalysts are more efficient, with the yield of these
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Figure 4.1 NHC precursors used in the benzoin condensation of furfural.

Table 4.3 Results of microwave assisted reactions with various NHC catalysts.
Entrya

Catalyst

Yield (%)

1
BMImCl
60
2
IPhHCl
9
3
IMesHCl
52
4
IPrHCl
4
5
Thiamine HCl
0
6
BisBIMeHBr
67
7
BIBnHBr
88
8
BIMeHI
82
9
TazPyPhHBF4
79
10
TazPyC6F5HBF4
34
b
11
BIBnHBr
55
12b
BIMeHI
75
b
13
TazPyPhBF4
69
a
All reactions performed using 10 mmol furfural, 3 mL solvent (1:1 MeTHF/EtOH), 0.5
mmol catalyst, 0.5 mmol DBU. Heated in microwave reactor for 20 seconds, in
PowerMax mode at 300 W, temperature controlled at 140°C. bSubstrate is benzaldehyde.
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near 70% or higher. The imidazole catalysts give a trend which is hard to explain.
Initially we started with just IMesHCl and IPrHCl, and we saw a significant difference in
the yield for the IPrHCl which we can explain by the increased sterics around the active
carbene site. The sterics could be problematic for both the base activation (removing the
proton to generate the carbene) as well as for the condensation reaction. However, the
IPhHCl catalyst was synthesized, with the expectation that the yield would increase
above what we obtained for IMesHCl due to a decrease in the steric hindrance. However,
we saw again a much lower yield and barely an improvement over the IPrHCl catalyst.
Additionally, the aliphatic imidazole (BMImCl) gave decent results, so it is unclear as to
why the IPhHCl is such a poor catalyst. As expected, thiamine gave poor results since
DBU is not an effective base for this catalyst. Finally, the triazole catalyst TazPyPhHBF4
gave very good results while the pentafluorophenyl counterpart gave only modest yields,
opposite of what has been commonly observed in literature,23 and is suggestive of some
electronic effect on the catalyst function.
We selected the best catalysts we found from our survey using the microwave
reaction (BIBnHBr, BIMeHI, and TazPyPhHBF4) and used them with benzaldehyde as
substrate. These results are also shown in Table 4.3. Interestingly, the best catalyst with
furfural, BIBnHBr, did not perform as well with benzaldehyde. The yield of benzoin
dropped to 55%, over a 30% decrease compared to what we obtained for furoin. The
other two catalysts gave similar results with only slightly decreased yields. Again, this
seems to reinforce the notion of some substrate dependence on the catalytic activity.
We took the best catalyst we had identified with furfural (BIBnHBr) and
subjected it to a series of control reactions to determine the impact of the microwave
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heating. From the addition of the base to the time we can remove the vessel from the
microwave reactor, it takes about 5 minutes. So we prepared an identical reaction, added
the base, and stirred for 5 minutes before diluting with ethanol and placing the tube in the
freezer, as we had previously done with the microwave reactions. To our surprise, the
yield we obtained was nearly identical, 88% for the microwave heating and 86% without.
We had some concern that the reaction might be continuing after the dilution and cooling
to -20°C, so we used a different method to work up the reactions. In this case,
immediately following the reaction, the contents of the vial were emptied into a
separatory funnel with water and extracted three times with dichloromethane. The
combined organic layers were then dried with sodium sulfate, filtered and dried, and
finally the product recrystallized in ethanol. Again, using this method, we got 72% yield
for using the microwave heating, and 82% without it. The speed of this reaction is
somewhat startling; even though many literature references give time faster reaction
times for furfural versus other aldehydes, the time scale is still on the order of hours. We
wanted to see if other catalysts were reacting with similar rates, so we did a control
reaction with the BIMeHI, which gave 82% yield with furfural using the microwave
heating. Our control reaction without the microwave gave 52%. While the yield dropped
significantly, the rate is still quite high. For comparison, the same catalyst has been
reported to be used in refluxing THF, giving 96% yield of furoin.21 To investigate further,
we checked the microwave free reaction with benzaldehyde using the BIBnHBr catalyst,
and obtained only 14% yield of benzoin. If the time of this reaction is increased from 5
minutes to 2 hours, then we do get good yields of benzoin (80%). This seems to indicate
that the fast reaction we observe for this catalyst is indeed unique to furfural.
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We applied our reaction conditions to 5-methylfurfural, which may be prepared
synthetically from HMF. With the BIBnHBr catalyst we obtained 70% of 5,5’dimethylfuroin. With HMF itself, we have not had success while using this catalyst.
However, we have prepared the 5,5’-dihydroxymethylfuroin in about 60% yield using
thiamine as the catalyst using the procedures described previously. Further work on the
synthesis of the 5,5’-dihydroxymethylfuroin is a worthwhile endeavor as only one paper
in the literature reports on its preparation.24

4.3.2

Treatment of Furoin Under Various Conditions

A number of reactions were attempted to treat furoin under solution phase
conditions. First we will focus on hydrogenation with commercial catalysts. Using
furoin as substrate, we can easily hydrogenate the furan rings under mild conditions in
ethanol (Scheme 4.3). This still leaves the ketone, which does not get hydrogenated
under these conditions. The addition of Zn2+ to the reaction mixture has been shown to
have a synergistic effect with Pd/C catalyst, either by improving the selectivity of phenol
hydrogenation to cyclohexanone25 in non-polar solvent (i.e. dichloromethane, chloroform,
etc.) or by suppressing the hydrogenation of aromatics26 in polar solvents (i.e. ethanol,
methanol, THF, etc). Indeed, when ZnCl2 is added to the reaction mixture, no reaction is
observed under identical conditions. This permits us to increase the temperature and at
150°C with all other experimental conditions remaining the same, we observe
hydrogenation of the ketone to alcohol and hydrogenation of the furan ring is largely
suppressed, yielding the diol (hydrofuroin) in about 60% yield. Further modification of
the reaction conditions (increasing H2 pressure to 40 bar and dropping temperature to
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Scheme 4.3 Hydrogenation of furoin under mild solution phase conditions.

(THF) saw decreased conversion of furoin and no yield of hydrofuroin. Application of
120°C) saw the yield improve to 70%. Further optimization of this reaction could see
further improvement in the yields. Additionally, applying our best reaction conditions to
5,5’-dimethylfuroin showed no conversion to the diol.
Other attempts with hydrogenation catalysts were carried out. An old report on
the hydrogenation of HMF reported that Ru/C in an acidic aqueous solution provides for
both the ring-opening and hydrogenation.27 We attempted to replicate these conditions
using our furoin substrates in a solution of oxalic acid (pH 2). However, based on
GC/MS results, we do not get ring opening, and instead observe hydrogenation with a
partial amounts of hydrogenolysis of the alcohol groups (Scheme 4.4). A small amount
of ring opening is observed with 5,5’-dimethylfuroin, an area which will be discussed
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Scheme 4.4 Treatment of furoin substrates in oxalic acid solution (pH=2) with Ru/C
catalyst.

more later. One issue here is that the ring-opening of the furan is acid catalyzed, and
once hydrogenated the ring is unlikely to undergo a ring opening process.
A number of studies have been done on the impact of functional groups on the
acid-catalyzed ring opening of furan derivatives. Two general trends are observed for the
hydrolytic ring-opening to polyketones: 1) if the conjugation of the furan ring extends
beyond the ring no reaction is observed, and 2) if there is no substituent on the 5-carbon
of the furan ring then no reaction is observed.9 In a subsequent paper, the same group
was able to convert furfural derivatives (aldol products) to alkanes using a two-step
process.8 We applied some of the ring-opening reactions to the furoins. Our results were
concurrent with the published knowledge. Heating furoin in either 50% acetic acid
solution or with catalytic amount of HCl, no reaction was observed. With 5,5’-
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dimethylfuroin we did get a ring opened product (Scheme 4.5). Only one ring is opened,
though, that being the one that is proximal to the alcohol group. The other ring, next to
the ketone, does not get opened due to the conjugation extending beyond the furan ring.
The product has been identified and is shown in Scheme 4.5. However, only 60% yield
of this product was isolated. Further optimization of the reaction could see improved
yields.

Scheme 4.5 Hydrolytic ring-opening of 5,5’-dimethylfuroin with catalytic HCl.

4.4

Conclusion

Furoins were produced under green and catalytic conditions using organocatalyst
N-heterocyclic carbenes. A variety of conditions were studied and we found a novel
NHC-catalysts (BIBnHBr) which gives very fast reaction rates with furfural and provides
for high yields. Post synthetic treatment of the furoin substrates, aiming to maintain mild
conditions, revealed that selective hydrogenation of the ketone group is possible while
maintaining the aromatic furan rings. Additionally, we found limitations with acid
catalyzed ring-opening reactions which are in agreement with published data.
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CHAPTER 5. HETEROGENEOUS OXORHENIUM CATALYSTS FOR THE
DEOXYDEHYDRATION OF VICINAL DIOLS

5.1

Introduction

Oxorhenium compounds have been studied and well documented as catalysts for
various organic transformations. Chief among these are heteroatom (usually oxygen)
transfer reactions,1,2 X-H (X=Si, B, P, and H) bond activations, and reduction of several
types of functional groups.3 One particular area that has received considerable attention
is the use of high valent rhenium complexes for the catalytic oxidation of olefins to
epoxides, an industrially relevant process.4,5 However, the reverse reaction
(deoxygenation of epoxides or diols) is much less developed and has started to attract
much attention. The push to further develop this deoxygenation pathway is largely due to
the relevance to biomass transformations, as removal of oxygens from derivatives of
lignocellulosic biomass is a crucial step toward their utilization in fuels and organic
feedstocks.6
Several examples of rhenium catalyzed deoxydehydration have been published in
recent years. These are summarized in Figure 5.1. A common requirement in these
reactions is the necessity of a reducing agent, which in some cases is a significant
drawback due to the generation of a waste by-product in stoichiometric amounts. Known
reductants are triphenylphosphine,7 sulfite,8-10 hydrogen gas,11 and sacrificial alcohols.12
Additionally, the deoxygenation of epoxides has been accomplished in the absence of a
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Figure 5.1 Known didehydroxylation reactions using rhenium catalysts.

reductant using a variety of commercially available oxorhenium compounds.13 The
mechanism of this process is unknown, though the authors suggest that the method may
be applicable to diols as well. Reactions of this nature have also recently been used to
successfully deoxygenate biomass derived polyols.14,15
Heterogenization or immobilization of homogeneous catalysts is an appealing
approach because it allows for simple catalyst recycling or for continuous reaction
processes such as with a flow-reactor. Ideally, the heterogenized catalyst would have
similar selectivity and activity as the homogeneous counterpart and catalyst leaching
from the support should be minimal.16 Absorption, formation of a covalent bond,
encapsulation, and electrostatic interactions are the four approaches used to achieve
catalyst immobilization.17 Rhenium catalysts have not been ignored in this venture, and
there are many examples of heterogenized oxorhenium catalysts.18,19 However, none
have been reported as catalysts in the deoxydehydration of vicinal diols. In fact, few
have been utilized as catalysts in reductive type reactions. One example is the reduction
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of perchlorate in water using oxorhenium deposited on Pd/C.20-23 Additionally, a
polystyrene supported (catecholato)oxorhenium complex has been reported to
successfully deoxygenate epoxides to alkenes using triphenylphosphine as reductant.24
In this chapter, we examine the use of several heterogeneous oxorhenium
catalysts for use in deoxydehydration reactions. We focus on utilizing
methyltrioxorhenium (MTO) deposited on either niobia, poly(4-vinylpyridine) (PVP), or
Pd/C.

5.2

5.2.1

Experimental

General Considerations

MTO and 5% Pd/C were purchased from Strem Chemicals, Inc. (Newburyport,
MA); MTO was purified by sublimation prior to use. Trace metal grade nitric acid was
purchased from Fisher Scientific (Fair Lawn, NJ). All other chemicals were purchased
from Sigma-Aldrich (Milwaukee, WI) and used as received. Reactions were typically
monitored by NMR and integrated versus an added internal standard to determine yields.
NMR characterization was done on either a Bruker ARX-400 instrument outfitted with a
5 mm QNP probe or a Varian Inova-300 instrument with a 5 mm 4-nucleus probe. In
certain cases, gas chromatography was used to monitor reactions using an Agilent
Technologies 6890N instrument. Any mass spectrometry characterization was performed
by the Purdue University Campus-Wide Mass Spectrometry Center.
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5.2.2

Typical Deoxydehydration Procedures

All deoxydehydration reactions were done in accordance with the published
procedures for the analogous homogeneous catalysts and varied with different reductants.
For reactions using a sacrificial alcohol, the substrate, 10 equivalents of 3-octanol, and
the catalyst were combined in a flask and heated for a set period of time; no additional
solvent was added.12 For reactions using sulfite as reductant, the substrate, sodium sulfite,
and catalyst were combined in a thick-wall glass pressure reactor with benzene-D6 as
solvent and heated for a set period of time.9 Similarly, triphenylphosphine was used as
reductant by combining substrate, catalyst, and triphenylphosphine in a flask with
bromobenzene as solvent, and heated for a set period of time.7 Finally, reactions utilizing
hydrogen gas were done using a Parr series 5000 multiple reactor system. For this, the
substrate, solvent, and catalyst were combined in the reactor vessel, which was then
assembled, purged to remove air, and pressurized with hydrogen gas. The reactor was
then heated for a set period of time.11

5.2.3

Preparation of MTO on Niobia

MTO on niobia (MTO/Nb2O5) was prepared according to literature methods.25
The niobia substrate (325 mesh) was first calcined over night at 450°C under flowing
oxygen. It was then cooled, put under vacuum, and exposed to water vapor for three
hours. Finally it was heated under vacuum at 300°C overnight. The MTO was then
deposited by incipient wetness, in which the desired amount of MTO was added as a
toluene solution. The resulting product was obtained as a pale purple solid. A schematic
of the proposed structure of MTO deposited on niobia is shown in Figure 5.2.
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Figure 5.2 Structure of MTO deposited on niobia.

5.2.4

Preparation of MTO on PVP

MTO encapsulated in PVP (MTO-PVP) was prepared according to the
literature.26 The PVP beads (25% cross-linked with divinylbenzene) were stirred in
ethanol and the appropriate amount of MTO was then added. The resulting solution was
then stirred for one hour, filtered, and finally washed with ethyl acetate. The collected
solid was then dried under vacuum. The beads were then stirred in hexanes, and the
solvent removed under vacuum after cooling in an ice bath. The product had a pale
yellow color. The structure of the PVP supported MTO is shown in Figure 5.3.

N

MTO
N

N

MTO
N

MTO
n

Figure 5.3 Structure of PVP supported MTO

n
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5.2.5

Preparation of MTO on Pd/C

MTO was deposited onto Pd/C substrate according to the literature method.22
First, the Pd/C (5% palladium by weight) was pretreated by heating under flowing air for
one hour at 110°C. The temperature was then increased to 250°C and heated for another
hour under flowing hydrogen gas. The Pd/C was then cooled to room temperature under
flowing nitrogen gas. A suspension of 2 g/L Pd/C was then prepared in water, and the
pH adjusted to approximately 2.7 with hydrochloric acid. The desired amount of MTO
was then added, and the mixture stirred at room temperature for five hours with
continuous bubbling of hydrogen gas. After filtering, the material was dried at 105°C
under a mixture of flowing nitrogen and hydrogen. This catalyst material will be notated
as Rex-Pd/C, where X is the weight percent of rhenium. Two rhenium loadings were
prepared, 10 wt% (Re10-Pd/C) and 5 wt% (Re5-Pd/C).

5.2.6

Inductively-coupled Plasma Mass Spectrometry

Rhenium content for Rex-Pd/C was analyzed by inductively-coupled plasma mass
spectrometry (ICP-MS). Samples were prepared by first digesting a known quantity of
catalyst in concentrated nitric acid overnight. This mixture was then diluted to a 2%
nitric acid solution and centrifuged to remove solids. The resulting solution was then
diluted to 10 ppb Re with 2% nitric acid.
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5.3

Results and Discussion

5.3.1

MTO/Nb2O5

MTO/Nb2O5 materials have been reported as catalysts in a number of oxidation
type reactions25,27 and in olefin metathesis.28 Niobia is a preferred support over other
metal oxides (such as titania or silica) due to the presence of both strong Bronsted and
Lewis acid sites; MTO deposited on niobia also has a high activity for olefin metathesis
compared to other oxide supports.28 We therefore choose to investigate MTO/Nb2O5 as a
catalyst for didehydroxylation of diols.
MTO/Nb2O5 was prepared with 5 wt% rhenium loading and tested in reactions
using the various known reductants and conditions. 1-phenyl-1,2-ethanediol was used as
substrate for reactions using 3-octanol, sulfite, or triphenyl phosphine as reducing agents,
while cyclohexene oxide was tested as a substrate for reaction using hydrogen gas as
reductant; in all cases, the catalyst loading was 10 wt% with respect to the substrate. The
results for these experiments are shown in Table 5.1. To summarize, we did not get
promising results for this catalyst. With 3-octanol, we tried the didehydroxylation
reaction at 130°C and at 180°C, neither temperature showed any conversion of the diol to
alkene. Similarly, no styrene product was observed when triphenylphosphine was used
as reductant. With sodium sulfite, however, we did get 20% conversion of the diol, with
100% selectivity for styrene. The literature results for homogeneous MTO report 100%
conversion and 59% selectivity to styrene, using identical reaction conditions. While our
catalyst does give better selectivity to the alkene, the discrepancy in the conversion would
indicate that there is significantly decreased activity for the heterogeneous material. We
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Table 5.1 Results obtained from the didehydroxylation reactions using 10 wt%
MTO/Nb2O5 catalyst.
Reductant

Conversion,
%

Yield
alkene, %

1

3-octanol

0

-

2

Na2SO3

20

20

3

PPh3

0

-

4

H2

100

50

5a

H2

40

10

Entry

Substrate

a

Catalyst recycled from entry 4.

therefore did not pursue using this catalyst/reductant combination any further. Using
hydrogen gas as reductant, we initially obtained promising results, with close to 100%
conversion of cyclohexene oxide and about 50% yield of the alkene product. Most of the
remaining mass balance was observed to be the diol as a result of ring opening of the
epoxide. The catalyst was collected by filtration and recycled in a second reaction, and
the activity was significantly diminished. This time we saw only 40% conversion of the
epoxide, with a 10% yield of the alkene; again the remaining mass balance was the diol.
The collection of data for this catalyst suggests that the activity of rhenium is
significantly reduced when deposited on the niobia surface. This is demonstrated by the
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fact that two of our didehydroxylation conditions gave no reaction, while the other two
showed lower activity when compared to the homogeneous MTO. The best results we
obtained were with hydrogen as a reducing agent. However, attempts to recycle the
catalyst gave poorer results, indicating either leaching of rhenium from the surface or
further reduced activity as a result of the catalytic conditions.

5.3.2

MTO-PVP

MTO-PVP catalyst was tested under a similar set of reactions as we performed
with the MTO/Nb2O5. These initial results are shown in Table 5.2; these reactions all
used 10 wt% catalyst loading with respect to the substrate. To summarize, we again got
poor results. With 3-octanol, we got no reaction at 130°C. However, we did observe 3octanone being produced at these conditions, suggesting that the catalyst is slightly about.
The temperature was increased to 180°C, but only a small amount of alkene product was
observed (<5%). Using sodium sulfite as reductant gave better results, with 87%
conversion and 44% yield of alkene. Upon recycling the catalyst and subjecting it to the
identical reaction conditions, the conversion decreased to 57% while the yield dropped to
39%. When hydrogen was tested as a reductant, we again used cyclohexene oxide as
substrate. In this case, we only saw about 40% conversion of epoxide, with low yields of
alkene. The recycled catalyst gave essentially no conversion of the epoxide.
With some decent results obtained for this catalyst, we decided to push a little
further to see if we could improve the conversions and yields. We decided to target the
use of a sacrificial alcohol as the reducing agent, despite our previous efforts not being
successful. We found that increasing the temperature to 200°C did give much better
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Table 5.2 Results obtained from the didehyroxylation reactions using 10 wt% MTO-PVP
catalyst.
Reductant

Conversion,
%

Yield
alkene, %

1

3-octanol

0

-

2

Na2SO3

87

44

3a

Na2SO3

57

39

4

H2

40

<10

Entry

Substrate

a

Catalyst recycled from entry 2.

Table 5.3 Results obtained from the didehyroxylation reactions using MTO-PVP catalyst
with hydrobenzoin and sacrificial alcohol at 200°C.

a

Entry

Catalyst
loading, wt%

Reductant
(equivalents)

Conversion,
%

Yield
alkene, %

1a

10

3-octanol
(10)

84

60

2

10

3-octanol
(10)

43

26

3b

20

3-pentanol
(20)

93

50

4

20

3-pentanol
(20)

51

40

5

20

3-pentanol
(20)

30

17

Catalyst recovered and used in entry 2.
Catalyst recovered and used in entry 4, then reused again in entry 5.

b
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results, as shown in Table 5.3. Using hydrobenzoin as a substrate with 10 equivalents of
3-octanol, we got 84% conversion, with a 60% yield alkene. Recovering the catalyst and
reusing it gave only a 43% conversion with 26% yield of alkene, a significant decrease.
One final attempt was made with 3-pentanol as the sacrificial alcohol. In this case, the
initial conversion and yield were decent, but each dropped as the catalyst material was
recycled.
As with the MTO/Nb2O5 catalyst, we found that depositing MTO onto PVP yields
a material with a significantly decreased catalytic activity. We were able to push the
reaction to get decent results, however this required elevated temperatures and higher
catalyst loading. Regardless, the activity of the catalyst material decreases rapidly upon
recycling, indicative of rhenium leaching or decreased activity as a result of the
deoxydehydration reaction.

5.3.3

Rex-Pd/C

Initial studies done with the Rex-Pd/C catalysts again were not too promising.
Attempts to recycle the catalyst material gave poor yields, again indicating that the
rhenium leaches off the surface and does not readsorb. However, this catalytic system
has been well studied for the reduction of perchlorate in water by the Shapley group.20-23
In one of these studies, they looked at the catalyst leaching, and found that a reducing
environment (hydrogen atmosphere) was necessary to keep the rhenium adsorbed on the
surface.22 Therefore we focused on using the Rex-Pd/C catalyst material under an
atmosphere of hydrogen gas.
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We found that a system utilizing two reductants (3-octanol solvent and hydrogen
gas) gave promising results. This also provide for an intriguing possibility of recycling
the 3-octanol in situ due to the presence of a hydrogenation catalyst. Using the Re5-Pd/C
sample at a catalyst loading of 10 wt%, we were able to collect and recycle the catalyst
up to four times before we began to see diminished conversion of the substrate (Table
5.4). These reactions were all performed at 150°C for 3 hours using R,R-hydrobenzoin
as substrate, 10 equivalents of 3-octanol as solvent, and an initial hydrogen pressure of
1.2 bar. Following the reaction, ethyl acetate was added to dissolve the products, and the
catalyst filtered and dried in air. The first cycle shows high conversion of the substrate
and decent yields of deoxygenated products; however, we do observe a large amount of
alkene hydrogenation to yield bibenzyl. Interestingly this hydrogenation pathway
appears to be shut down in subsequent catalyst uses, as very little bibenzyl (result of
hydrogenation of t-stilbene product) is observed in the second cycle. Also, starting in the
third cycle, we observe an increase in the production of benzaldehyde, which then can
react with the diol to form dioxolane. While the dioxolane forming reaction is reversible,
it is not desirable to generate benzaldehyde.
Control reactions were done under identical conditions using either Pd/C alone
(no rhenium) or homogeneous MTO. With Pd/C, the conversion is low (under 10%) and
yield 5% bibenzyl. MTO on the other hand results in 100% conversion, with 75% yield
of t-stilbene. Small amounts of benzaldehyde and 1,2-diphenylethanone are also
observed. Furthermore, using MTO results in a brown residue which we do not observe
with the heterogeneous catalyst. These control reactions confirm that some oxorhenium
is required to catalyze the reaction, and that the Pd/C is primarily serving as both support
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Table 5.4 Results from recycling Re5-Pd/C with 10% catalyst loading and hydrobenzoin
substrate.
Reaction:

Products:

Run
Number

Conversion,
%

1

100

39

28

0

0

2

100

77

<1

0

0

3

96

68

<1

2

9

4

83

48

<1

<1

18

Yield, % (NMR)

and hydrogenation catalyst, having no role in the deoxydehydration reaction. The
formation of some residue when using homogeneous MTO would suggest that rhenium
(VII) gets reduced in situ to some insoluble rhenium material. In our heterogeneous
system, this insoluble rhenium would be present on the catalyst support.
Several variables in our catalytic reaction design were selected to be altered in
order to further study this reaction: catalyst loading, rhenium content, the substrate, and
choice of solvent. First we looked at the catalyst loading. Again using the Re5-Pd/C, we
decreased the catalyst loading to 5 wt%. A series of recycling experiments was then done
(Table 5.5). As expected, the reactivity was similar, though the activity of the catalyst
dropped much more rapidly, and was not effective after three cycles. Additionally, we
did not observe any hydrogenation of the t-stilbene to bibenzyl, even in the first catalyst
cycle. To investigate the effect of the rhenium content, we compared results between
Re5-Pd/C and Re10-Pd/C. A quick pair of reactions was done, with heating time being
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Table 5.5 Results from recycling Re5-Pd/C with 5% catalyst loading and hydrobenzoin
substrate.
Reaction:

Products:

Run
Number

Conversion,
%

1

100

99

0

0

0

2

94

69

0

1

10

3

47

25

0

2

10

Yield, % (NMR)

Table 5.6 Impact of rhenium content on initial deoxydehydration reaction with
hydrobenzoin.
Re5-Pd/C

Re10-Pd/C

93

96

t-stilbene

79

27

benzaldehyde

<1

<1

dioxolane

<1

<1

bibenzyl

-

66

Catalyst:
Conversion, %
Yield, %:

only 30 minutes (Table 5.6). At this time frame, the conversion of hydrobenzoin is high
for both catalyst samples. With Re5-Pd/C we do not see the hydrogenation to bibenzyl
which is observed at longer time frames, demonstrating that this hydrogenation step is
much kinetically much slower than the deoxydehydration step. The Re10-Pd/C resulted in
a significant yield of bibenzyl. This would suggest that the increased rhenium content
helps to accelerate the hydrogenation reaction in some way, and that the rate of
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hydrogenation with this material is comparable to the rate of deoxydehydration.
Additionally, a series of recycling experiments was carried out with the Re10-Pd/C
catalyst (Table 5.7). These reactions were done at using a shorter reaction time and
slightly higher hydrogen pressure than the Re5-Pd/C, however the results were consistent
with what was expected. In the first cycle, the conversion is high with excellent yield of
bibenzyl. In the second cycle the conversion was still high, though the hydrogenation
was essentially shut down. The third and fourth cycle saw the catalytic activity
significantly decrease.
We tested the Re5-Pd/C with 1,2-cyclooctandiol in order to investigate what
impact the substrate has. The results here were not as promising as with the
hydrobenzoin (Table 5.8). In this case, the conversion dropped significantly in the
second run, a striking contrast to what we see when using hydrobenzoin. The reason for
this is unclear, but it is feasible that 1,2-cyclooctanediol is simply a tougher diol to reduce,
so that the same decrease in activity might have a larger impact.
To investigate the effect the solvent has on the reaction, we chose to use xylenes
since it has a low volatility like 3-octanol but will be innocent and play no part in the
reaction. Using Re5-Pd/C with 1.2 bar of H2 in xylenes gave very good conversion of
hydrobenzoin to bibenzyl (89% yield). This indicates that the 3-octanol is not a
necessary part of the reaction when using a hydrogen atmosphere, though it is very likely
that when it is used as solvent that it is the preferred reductant. When Pd/C was tested
alone in xylenes as a control reaction, we were surprised to see a high conversion (96%)
of hydrobenzoin with a mixture of products, which included complete deoxygenation to
either stilbene or bibenzyl (31% yield) and hydrogenolysis of one alcohol group to 1,2-
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Table 5.7 Results from recycling Re10-Pd/C with 10% catalyst loading and hydrobenzoin
substrate.
Reaction:

Products:

Run
Number

Conversion,
%

1

86

0

78

0

0

2

97

82

3

<1

<1

3

72

51

<1

4

5

4a

48

34

0

3

4

Yield, % (NMR)

a

Reaction time 3 hours.

Table 5.8 Results from recycling Re5-Pd/C with 10% catalyst loading and 1,2cyclooctanediol substrate.
Reaction:

Products:

OH
OH

Run Number

Conversion, %

Yield, %

1

100

49

31

2

53

4

41

diphenylethanol (53% yield). 1,2-diphenylethanone was also observed with an 8% yield.
The contrast between using Pd/C in xylenes versus 3-octanol is clearly a solvent effect,
though there are several possible explanations for the origin of the effect. It could be due
to the solubility of hydrogen, interactions between substrate and solvent, or 3-octanol
could compete for adsorption sites on the Pd surface. A control reaction using
homogeneous MTO in xylenes resulted in high conversion of hydrobenzoin. This
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reaction gave high yields of stilbene (66%) but also a large amount of the diketone (25%).
1,2-diphenylethanone and benzaldehyde were also measured in small amounts. The
oxidation of the substrate to ketones indicates that it is being used consumed as a
reductant in the deoxydehydration reaction, which would seem to verify that a solution
phase reductant is preferred for this process, at least at low pressures of hydrogen. In fact,
the results obtained without using a hydrogen atmosphere are very similar, again
suggesting that the hydrogen gas does not play a large role as reductant. We attempted to
reuse the Re-Pd/C catalyst in xylenes, but upon recycling the catalyst performs similar to
Pd/C alone and the activity rapidly diminishes.
Numerous variations in the reaction and subsequent workup were done in an
attempt to improve the recyclability of the catalyst. This included washing with degassed
solvents, using a frit for the catalyst recovery, reactivation, and even separating the
reaction mixture while hot (since hydrobenzoin and stilbene will crystallize in the
solution when cooled to room temperature, this eliminates the need to wash the catalyst).
From the latter attempt, doing a hot separation, it seems to be pretty evident that the
rhenium is in solution when the reaction mixture is hot, as opposed to adsorbed on the
surface, as the catalytic activity dropped significantly when a fresh batch of substrate and
3-octanol were added to the catalyst. The pH was increased using p-toluenesulfonic acid,
but this did not have any impact on the results. To try and reactivate the catalyst, a
sample was collected after being used in the deoxydehydration reaction and heated under
flowing hydrogen for an hour. However, this did not restore any reactivity and the
conversion and yields continued to decrease. No attempts to improve the catalyst
recycling were successful. One possibility that was never attempted was to perform
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reaction and isolate the catalyst under a reducing atmosphere (hydrogen gas). This could
help since reduced rhenium species should be more stabilized on the surface and even
short term exposure to oxygen will cause oxidation to Re(VII).
We also investigated doing this deoxydehydration reaction completely air-free. In
order to accomplish this, a Re-Pd/C catalyst was prepared as usual, however after
treatment with hydrogen and cooling under nitrogen, the catalyst was evacuated under
vacuum and brought into a glove box with a nitrogen atmosphere. This then allowed us
to assemble the reactor in an air-free environment. Running the reaction in this way
shows diminished reactivity (20% conversion of hydrobenzoin with 15% yield of
bibenzyl). If the catalyst material is then removed from the glovebox, exposed to air, and
used in the reaction, then we again get results consistent with previous experiments (high
conversion with high yields of bibenzyl). One explanation for this is that in the catalyst
preparation, the rhenium gets reduced under a stream of hydrogen. In this case the
rhenium was never exposed to air following the reduction step, so it remained in a
reduced state. It is reasonable to think that it gets reduced to an oxidation state that will
not catalyze this reaction. Some XANES/EXAFS data which we have obtained on
similar catalysts would indicate that under hydrogen, rhenium gets reduced to Re(III) and
reverts back to Re(VII) when exposed to air. Shapley has also studied the oxidation state
of rhenium XPS on catalyst samples collected from reaction conditions (reduction of
perchlorate under hydrogen atmosphere).22 This data would indicate a mixture of Re(V)
and Re(I). This could imply several layers of rhenium with the first layers being more
reduced, or that rhenium atoms nearby to palladium are more reduced. Regardless, based
on our experimental data, it would seem that we need a more oxidized rhenium center (V
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or VII) to perform the deoxydehydration reaction. Additionally, a possible deactivation
pathway is the over-reduction of rhenium to lower oxidation states. However, since we
are exposing our catalyst to air, this seems unlikely as the rhenium should quickly oxidize
back to Re(VII).
In order to analyze the rhenium loss after our running our reaction, ICP-MS
samples were prepared for all our as prepared Re-Pd/C catalysts. We found that the
actual rhenium content was very close to the targeted rhenium content. After running the
deoxydehydration reaction with hydrobenzoin in 3-octanol, the catalyst was collected and
a sample prepared for analysis by ICP-MS. This revealed approximately a 25% loss in
the rhenium content after only one cycle. This could explain the decrease in reactivity in
subsequent cycles. Assuming a 25% loss in each cycle, then we would be left with about
40% of the initial rhenium content when running the 4th cycle. However, we did not
confirm that this loss is consistent each time, and regardless it doesn’t rule out other
pathways of deactivation.

5.4

Conclusions

Here we prepared a series of supported MTO catalysts (MTO/Nb2O5, MTO-PVP,
and Rex-Pd/C) and tested them for didehydroxylation reactions under a variety of
conditions. Both the MTO/Nb2O5 and MTO-PVP showed either significantly reduced
activity or rapid deactivation under the conditions tested. The Rex-Pd/C catalyst showed
promising results and showed some recyclability, however we were not successful in
extending catalyst lifetime beyond four uses.
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